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Abstract 
There is a direct link between electrode microstructure and their performance 
in lithium-ion batteries (LIBs); however, this relationship remains poorly understood. 
By utilising tomographic X-ray imaging techniques, it is possible to characterise LIB 
electrode microstructure in three dimensions. Moreover, extending these imaging 
techniques to explore changes in these materials gives rise to the notion of “four-
dimensional” (4D) tomography to study microstructural evolution with time. 
This work focused on characterising, both qualitatively and quantitatively, the 
three-dimensional (3D) microstructure of LIB electrode materials at multiple length 
and time scales with the aid of laboratory and synchrotron X-ray sources. The 
suitability and reliability of direct 3D microstructural analysis for quantifying LIB 
electrodes was demonstrated by comparing it with stereological methods, which are 
shown to introduce bias when applied to inhomogeneous 3D microstructures.  
Silicon (Si) and metallic lithium (Li) are highly energy-dense electrode materials 
and promising candidates for use in LIBs; however, they experience significant 
microstructural degradation upon electrochemical cycling. Using a custom-built, X-ray 
transparent in-situ electrochemical cell, 4D characterisation of the microstructural 
evolution and degradation within the aforementioned electrode materials was 
performed both in-situ and in-operando. Phase transformation, fracture formation and 
propagation within individual Si particles was visualized and tracked in 3D during the 
course of a half-cell discharge. At a higher X-ray imaging resolution, microstructural 
evolution in Si microparticles as a result of repeated cycling was captured and 
quantified in 3D. Visualisation of formation and growth of pits and mossy lithium 
deposits along metallic Li electrode surfaces was also presented. Finally, an X-ray 
contrast-enhancement approach for imaging lowly attenuating electrode materials 
such as graphite was also demonstrated. 
This work has demonstrated X-ray tomography as a diagnostic tool for 
providing valuable insight into electrode microstructure which can aid the efficient 
design of these electrode materials in future generation LIB systems. 
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Chapter 1 
1 Introduction  
1.1 Motivation 
Lithium-ion batteries (LIBs) have achieved widespread application in portable 
electronic devices and have attracted a lot of interest in automotive and grid storage 
applications due to desirable properties, such as relatively high energy and power 
densities and long calendar life. Since their commercialization in the early 1990s, 
interest in LIB technology has considerably increased and numerous research efforts 
have been made to improve the performance of LIBs. However, there are still 
significant challenges associated with LIBs, such as capacity fade and unpredicted 
safety issues. Significant research effort has been put into developing novel electrode 
materials with improved properties [1,2] in order to address LIB performance issues.  
In addition to the electrode material properties, the electrode microstructure 
also plays a vital role in determining the performance of a LIB [3]. Electrodes in LIBs are 
porous, consisting mainly of particles of active material mixed with a conductive 
additive and binder. These porous composites possess complex microstructures, and 
they support the electrochemical reactions that take place in LIBs. As with all 
functional materials, there is a direct link between the microstructure of the electrode 
and its performance; the electrode microstructure affects the response of the LIBs 
with respect to battery charging behaviour, capacity, durability and safety.  
Moreover, the electrochemical and transport behaviour of these battery 
electrodes are generally modelled using the macro-homogeneous model [4,5] which 
requires particle radius, electrode thickness, and electrode porosity as input 
parameters; otherwise it assumes the electrodes are isotropic, homogeneous, 1-
dimensional porous materials made from mono-disperse spherical particles [4,6]. 
Although this model has been utilized successfully in studying battery electrode design 
and optimisation [5], it has limited use in the studies involving electrode degradation, 
ageing and failure due to their restricted ability to account for microstructural 
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heterogeneity [7]. Modelling and simulation performed using actual 3D morphologies 
of LIB electrodes can provide additional understanding of battery electrode 
performance [8–10]. The availability of real life LIB electrode microstructural data will 
therefore aid in more accurately modelling of LIB systems and in establishing the 
validity of the assumptions made by simpler battery models. 
Hence, there is a clear need to understand electrode microstructures, 
particularly the influence of electrode preparation, as well as changes during battery 
operation and failure. For instance, the insertion and removal of Li within the 
electrodes during battery operation causes the electrode microstructure to evolve and 
experience volume changes (expansion and contraction), e.g., during discharge, 
graphite electrodes have been observed to “swell” when intercalated with lithium 
ions, with about 10% change in volume [11]; alloy-type electrodes (e.g. Si, Sn), 
however, undergo larger volume changes of up to 400 % [12]. These microstructural 
evolution processes cause changes in electrode particle shape and arrangement, and 
also generate mechanical stresses that can induce microstructural degradation 
processes over extended operating times.  
In the recent past, a number of investigations on LIB electrode microstructures 
and electrode microstructural evolution processes have been performed using a suite 
of microscopy tools such as optical microscopy [13,14], scanning electron microscopy 
[15], transmission electron microscopy [16], and atomic force microscopy [17,18], in 
combination with techniques such as nuclear magnetic resonance imaging [19] and 
time-of-flight secondary ion mass spectroscopy [20,21]. These tools, however, provide 
microstructural information in two-dimensions (2D), which is insufficient for accurate 
evaluation of the volumetric structural features of the porous electrodes. 
Three-dimensional microstructural characterisation of an extended range of 
materials has been made possible by recent developments in 3D imaging tools, and 
this has been achieved with remarkable resolution. A range of 3D imaging methods 
with varying length scales are now available, some of which include atom probe 
tomography, electron tomography, X-ray computed tomography (CT), neutron 
tomography and focused ion beam (FIB) tomography. The most commonly applied of 
these imaging techniques for obtaining real configuration of LIB electrode 
microstructures are FIB-SEM tomography [8,22,23] and X-ray tomography [9,24–33]. 
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Although destructive in operation, FIB-SEM tomography techniques provide 
sufficiently high resolution (typically <100 nm) and contrast suitable for understanding 
nano-scale properties within a porous electrode. X-ray tomography techniques are, 
however, particularly versatile, not only demonstrating multiple length scale 
capabilities [24] but also providing a non-destructive imaging platform to explore 
microstructural evolution processes over time.    
Tomography techniques offer, for the first time, access to detailed 
microstructural information in three dimensions; however, extending these techniques 
to explore transient changes in LIB electrodes without the requirement for battery cell 
disassembly gives rise to the idea of “4-dimensional” tomography to study 
microstructural transformations at different stages of cell lifetime [34,35]. In addition, 
the wide range of physical phenomena that take place in LIBs makes it desirable to 
perform tomography at multiple length scales, and this includes studies at the particle, 
electrode, cell and even pack level. 
1.2 Research aims and objectives  
This main aim of this research is to use X-ray CT as a diagnostic tool to study the 
microstructure of LIB electrode materials, with a particular focus on microstructural 
degradation resulting from battery operation. This will involve the application of X-ray 
CT with the aid of both synchrotron and lab-based probes to reveal a variety of 
qualitative and quantitative microstructural features and changes in LIB electrodes 
such as deformation and degradation. By employing in-situ and in-operando imaging 
techniques, new insight into the microstructural evolution processes that occur within 
the electrodes during electrochemical testing can be provided. Specific objectives of 
this research are: 
 To demonstrate the need for 3D quantification techniques, and the limitations of 
2D techniques. 
 To develop an in-situ electrochemical cell to facilitate X-ray CT imaging in tandem 
with electrochemical performance testing. 
 To perform X-ray tomographic experiments on LIB electrodes using the developed 
in-situ cell to obtain microstructural evolution data on battery electrodes at 
different stages of battery operation and at multiple length scales. 
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 To characterise electrode microstructure using suitable 3D image analysis methods 
in order to extract information on key microstructural parameters from the X-ray 
CT data. 
 To relate the 3D microstructural information obtained to the electrochemical 
performance measurements taken from the battery cells. 
 
1.3 Thesis outline 
The thesis is organized into the following chapters: 
Chapter 2 reviews the basic principles and components for LIB operation, as well as the 
state-of the art of 3D microstructural characterisation of LIB electrodes. Chapter 3 
discusses the electrode and cell manufacture procedures, as well as electrochemical 
testing methods used in the work. 3D material characterisation with X-ray CT, 3D 
image processing and quantification methods used in the study are covered. The 
design and development of an in-situ electrochemical cell to facilitate 3D 
microstructural evolution studies with X-ray CT is also presented. Chapter 4 
demonstrates the suitability and reliability of direct 3D analysis for quantifying LIB 
electrode microstructures, in comparison to stereological prediction methods which 
utilise 2D image information to extrapolate 3D microstructural parameter information. 
Chapter 5 examines the 3D morphological changes that occur at the surface of metallic 
Li electrodes as a result of electrochemical cycling, using both synchrotron and 
laboratory X-ray CT techniques. Chapter 6 demonstrates the use of both laboratory 
and synchrotron X-ray imaging to investigate microstructural evolution within bulk Si 
electrodes during the early stage of electrochemical cycling at the electrode and 
particle levels, respectively. Chapter 7 presents microstructural investigations on 
silicon and graphite electrode materials using nano-scale X-ray CT. Finally, Chapter 8 
provides a conclusive summary of the thesis and proposes suggestions for future 
investigations. 
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Chapter 2 
2 Literature Review  
Lithium-ion batteries (LIBs) are considered to be one the most promising 
energy storage devices due to their inherent advantages such as high energy and 
power density, high efficiency, no memory effect and long cycling life compared with 
other batteries. Since their commercialization in 1991 by Sony [36],  LIBs have been 
widely used as power sources for numerous consumer electronic devices e.g. mobile 
phones, notebook computers, cordless power tools, laptops, etc. Moreover, in recent 
years, great advancements in LIB technology has made them attractive candidates in 
higher energy-demanding applications such as electric vehicle power sources, 
stationary energy systems for solar and wind energy, and smart grids. LIBs exhibit 
higher volumetric and gravimetric densities compared to other rechargeable battery 
systems (Figure 2.1) due to their higher operating cell voltages which can be achieved 
by using non-aqueous electrolytes.  
 
Figure 2.1. Comparison of volumetric and gravimetric energy density of different battery 
technologies. Reproduced from [37]. 
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In this chapter, a brief introduction into the fundamental operating principles 
and the main components of LIBs is presented, followed by a review of the state-of-
the-art of microstructural characterisation of LIB electrode materials in three 
dimensions. 
2.1 Working principle of lithium-ion batteries  
The lithium-ion battery consists of three functional components: a positive 
electrode (which is usually a lithium-rich compound or material), a negative electrode 
(usually a lithium-sink material), and the electrolyte serving as an ionic conductor. 
During operation of LIBs (as shown in the schematic in Figure 2.2), lithium ions (Li+ 
ions) are exchanged between the positive and negative electrodes via an ion-
conducting electrolyte in a series of oxidation and reduction reactions. Typically, 
lithium ions are extracted from their positive electrode host, move through the 
electrolyte, and are inserted into the negative electrode during charging; meanwhile, 
electrons flow to and from the electrodes via current collectors forming an electric 
circuit; the reverse is the case during discharging. During the first charge-discharge 
cycle of LIBs, a solid layer known as the “solid-electrolyte-interphase” (SEI) will be 
formed on the surface of the electrodes as a result of electrolyte decomposition at the 
extreme voltage range, typically < 1.2 V or > 4.6 V [38]. The principal concept of LIB 
operation is based on the intercalation/insertion reaction and is therefore different 
from conventional secondary batteries which are based on chemical reactions.  
2.2 Lithium-ion battery components 
Electrochemical reactions that take place within lithium-ion batteries are 
supported by the porous electrodes: typically, a lithium ion battery electrode is a 
composite material, also referred to as a laminate, comprising of the following 
components: (1) the active material, which is acts as the source and acceptor of the 
lithium-ions, (2) the conductive additive, which enhances the electronic conductivity 
within the electrode laminate and lowers the internal cell resistance but does not 
contribute to the cell’s electrochemical process, and (3) the binder, which ensures 
cohesion between the active material and conductive additive particles and their 
adhesion to the current collector. In most commercially available LIB systems, 
intercalation materials (i.e. materials that allow the reversible insertion of guest 
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elements or molecules within their structure) have been commonly utilized as active 
materials for positive and negative electrodes. These materials possess relatively 
stable crystal lattice structures and their interstitial sites can be intercalated/de-
intercalated with lithium ions without significantly altering the main crystal structure. 
Many of the intercalation materials used as positive electrodes in LIBs have relatively 
high potential vs. lithium metal and are quite stable mechanically and chemically. 
 
 
Figure 2.2. Schematic representation of a typical lithium-ion battery operation. During 
discharge, Li+ ions migrate from the lithiated negative electrode (the anode) into a delithiated 
positive electrode (the cathode) with associated oxidation and reduction of both electrodes, 
respectively. The reverse process occurs during battery charging process. 
2.2.1 Positive electrode  
Positive electrode materials found in commercial LIB systems are mostly based 
on transition metal intercalation oxides. Typical positive materials can be classified 
according to structure as layered compounds LiMO2, olivine compounds LiMPO4 and 
spinel compounds LiM2O4, where M = transition metal e.g. Co, Mn, Fe, etc. Over the 
years, numerous developments and optimisation efforts have been made to the 
positive electrode materials in the different classifications mentioned above in order 
improve properties such as chemical stability, cycling performance, capacity retention 
and rate capabilities: for example, the use of cation-substituted materials in layered 
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compounds [39–50], the use of multiple dopants in spinel compounds [51–57], the 
development of carbon-coated particles, nano-sized crystalline particles and doping 
transition metal ion sites with supervalent cations with olivine compounds [58–66]. 
Such material optimisations are usually initiated from two important aspects: altering 
the intrinsic material’s chemistry, and modifying the morphology (e.g. particle size, 
surface property, etc.) of the materials by understanding their microstructural 
behaviour [38]. 
2.2.2 Negative electrode 
Negative electrode materials for LIBs can be grouped into two major types: 
carbon based negative electrode materials and alternative (or non-carbon based) 
negative electrode materials. Carbon based materials are the most widely utilized 
negative electrodes in state-of-the-art LIBs. These carbon materials possess favourable 
characteristics such as good cyclability and reliability; they are also abundant, relatively 
cheap, light weight, environmentally friendly and safe. Li+ ions intercalate into and de-
intercalate from the carbon during charge and discharge respectively, as described in 
Equation (2.1). 
 𝐿𝑖𝑥𝐶𝑛  ⇌ 𝑥 ∙ 𝐿𝑖
+ + 𝑥 ∙ 𝑒− + 𝐶𝑛 (2.1) 
Graphite and graphitized carbons have been desirable choices for negative 
electrode materials in LIB applications due to their high specific capacity (theoretically 
372 mAh/g with LiC6 stoichiometry), low operating potential vs. lithium metal, long 
plateau in voltage profiles, as well as their excellent cycling behaviour [67,68]. 
However, drawbacks such as significant irreversible capacity loss during the first charge 
process SEI formation [69] and electrolyte sensitivity [70] has spurred the search and 
development for alternative negative electrode materials to replace carbonaceous 
ones in LIBs.  
In selecting alternative negative electrode materials, an important factor is that 
their electrochemical potential must be comparable with that of lithium metal or of 
lithiated carbon in order to achieve a high cell voltage. Layered transition metal 
compounds (e.g. Li4Ti5O12 [71–76]), composite metal alloys and intermetallic 
compounds [77–79], and tin-based oxides [80–82] are examples of alternative systems 
that have been investigated. However, the higher potential of Li4Ti5O12 at about 1.5 V 
versus metallic lithium [83], the significant irreversible capacity of SnO2 [84], and the 
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huge volume change of alloy-type electrodes (e.g. Si, Sn) upon lithiation [85–87] are 
some major challenges with these types of negative electrode materials. 
2.2.3 Electrolyte 
Rechargeable lithium battery systems use organic electrolytes, which normally 
comprise of a lithium salt dissolved in either a mixture of aprotic organic solvents 
(liquid organic electrolytes) or a flexible, high molecular weight polymer host (solid and 
gel polymer electrolytes). Some key characteristics that electrolytes for LIBs should 
possess are: good ionic conductivity (> 1 mScm-1), good thermal stability and 
compatibility with other cell components, wide electrochemical voltage window with 
significant thermodynamic or kinetic stability within that window, chemical inertness 
to the strong oxidizing/reducing surface of the electrode (especially after SEI formation 
on electrode surface), low cost, reliable safety and environmental compatibility 
[88,89]. A common electrolyte recipe used in lithium-ion battery systems is 1M LiPF6 
solution of ethylene carbonate (EC) : dimethyl carbonate (DMC) in a 1:1 weight ratio, 
which has a conductivity of 10.7 mS.cm-1 [90] and is useable in the temperature range 
of -20 °C to 50 °C. Organic additives such as fluoroethylene chloride (FEC) and vinylene 
chloride (VC) can also be added to electrolyte mixtures in order to improve SEI 
formation and electrode cycling stability [91–95]. 
2.2.4 Separator 
The separator is a critical component in rechargeable lithium-ion batteries – it 
is placed between the positive and negative electrodes in order to prevent direct 
electrical and physical contact of electrodes while allowing ion transport between 
them. Due to the relatively low ionic conductivity of organic electrolytes, separators in 
LIBs should satisfy a number of requirements e.g. micrometre-scale thickness, 
chemical and electrochemical stability against electrolyte, good mechanical strength 
after cell assembly, effective thermal stability over a range of operating temperatures. 
In addition, the separator can act as a safety device by densifying at certain 
temperatures and forestalling huge current flow in the event of an external short 
circuit, over-charging or over-discharging outside the operating potential window [96]. 
The separator must also possess sufficient porosity to retain liquid electrolyte and 
provide ionic mobility between the electrodes, as well as a uniform pore size (below 
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the size of the electrode particles) with high tortuosity in order to mitigate lithium 
dendrite growth. The most common separator type found in commercial LIB cells is the 
micro-porous polymeric membrane [97], which may consist of either polyethylene  or 
polypropylene or a combination of both. In addition to polymer-type separators, glass 
fiber separators are commonly used in laboratory-made rechargeable Li cells for 
research purposes [98,99].   
2.3 Microstructural evolution in LIB Electrodes 
Both positive and negative electrode materials in LIB cells undergo structural 
changes in the form of ageing and degradation. However, the changes associated with 
the negative electrode / electrolyte interface is generally considered to be the most 
critical part of the cell [100] due to the high reactivity of the organic electrolyte with 
the electrode material and lithium ions. 
During LIB operation, the reaction between lithium and the electro-active 
material in the porous electrodes drives morphological and microstructural changes 
within the electrodes. Li diffuses into and out of the active particles, causing them to 
expand and contract. These structural changes may generate diffusion-induced 
stresses and eventually lead to stress-induced degradation which can be demonstrated 
at several different length scales within the electrode structure.  
2.3.1 Graphite 
Graphite, which is a commonly used negative electrode material in commercial 
LIBs, undergoes microstructural changes upon intercalation with lithium ions. During 
battery charging, Li+ ions intercalate between the interlayer spaces of the graphite in 
stages (as in Figure 2.3), forming a sequence of well-ordered, graphite-lithium 
intercalation compounds [101]:  
 𝐿𝑖𝐶72 (𝑑𝑖𝑙𝑢𝑡𝑒 𝑠𝑡𝑎𝑔𝑒) ⇆  𝐿𝑖𝐶36 (𝑠𝑡𝑎𝑔𝑒 4) (I) 
 𝐿𝑖𝐶36 (𝑠𝑡𝑎𝑔𝑒 4) ⇆  𝐿𝑖𝐶27 (𝑠𝑡𝑎𝑔𝑒 3) ⇆  𝐿𝑖𝐶18 (𝑠𝑡𝑎𝑔𝑒 2𝐿) (II) 
 𝐿𝑖𝐶18 (𝑠𝑡𝑎𝑔𝑒 2𝐿) ⇆  𝐿𝑖𝐶12 (𝑠𝑡𝑎𝑔𝑒 2) (III) 
 𝐿𝑖𝐶12 (𝑠𝑡𝑎𝑔𝑒 2) ⇆  𝐿𝑖𝐶6 (𝑠𝑡𝑎𝑔𝑒 1) (IV) 
At slow C-rates, the voltage profile of lithiating graphite shows several well-
defined plateaus which correspond to each graphite intercalation stage in Equations I – 
IV above [Figure 2.4(a)], and the staging behaviour become more apparent in the 
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𝑑𝑄/𝑑𝑉 plot obtained by differentiating capacity with respect to potential [Figure 
2.4(b)].  
 
Figure 2.3. Schematic representation of the mechanism of Li intercalation into graphite. 
Adapted from [102].  
 
 
Figure 2.4. (a) Potential versus capacity profile of lithiation of graphite at 0.05C (Q = capacity; E 
= cell potential versus Li/Li+). (b) Differential capacity with respect to potential. Dashed red 
lines indicate peak potentials associated with corresponding reactions, which are highlighted 
by the red Roman numerals. Graphite intercalation compound stages are indicated by the 
underlined blue numbers or characters. Reproduced with permission from [101]. Copyright 
(2014), Royal Society of Chemistry.    
Each stage is identified by the formation of its own graphite intercalation 
compound [103] and is associated with a characteristic graphite layer spacing [104], 
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and changes in the layer spacing at the atomic scale are translated through to multiple 
length scales within the graphite electrode.  
At the micrometre scale, fully intercalated graphite particles demonstrate 
volume expansion of up to 10 % [105,106]. Upon repeated battery operation, such 
microscale expansion (and contraction during deintercalation) causes stress 
development within the electrodes and can ultimately lead to particle fracturing and 
cause damage to electrode microstructure. Other degradation and ageing mechanisms 
such as graphite exfoliation and particle cracking resulting from solvent co-
intercalation, electrolyte reduction and gas evolution inside graphite (Figure 2.5) also 
contribute to morphological evolution and degradation of graphite electrode within 
commercial batteries [107]. 
 
Figure 2.5. Structural changes at the graphite negative electrode / electrolyte interface.  
Reproduced with permission from [108]. Copyright (2005), Elsevier Science. 
2.3.2 Silicon  
In order to meet demanding applications such as in electric vehicles and in grid 
energy storage, the development of high-performance lithium-ion batteries is crucial 
and significant research effort has been devoted to achieve this. Carbonaceous 
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materials such as graphite are commonly used as negative electrodes in traditional 
lithium-ion batteries; these materials have high Coulombic efficiencies (> 95 %) but are 
limited by their rather low specific capacities (372 mAhg-1). Materials that form alloys 
with lithium (e.g. Sn, Sb, Si, and Ge) [109] are being considered as replacements for 
graphite due to their much higher theoretical specific capacities.     
Amongst alloy-type electrode materials, silicon (Si) is a particularly promising 
candidate studied for more demanding energy applications because its reaction with 
lithium occurs at low discharge potentials (< 0.5 V vs. Li/Li+) [110], and it possesses a 
large theoretical specific capacity (ca. 4200 mAhg-1, [85]). However, a major challenge 
of the application of silicon in rechargeable lithium batteries is the huge volume 
expansion of silicon upon lithiation.  
 
Figure 2.6. Schematic diagram showing the surface-to-center lithiation behaviour of bulk 
silicon particles.  
Figure 2.6 shows a schematic illustration of how bulk crystalline Si particles 
react to lithiation. As Li diffuses faster in the surface of Si than within the particle, it 
reacts with crystalline silicon (yellow) form an amorphous lithiated silicon (a-LixSi, 
green) shell around the Si particle upon lithiation (Figure 2.6b), that is: 
 Si + 𝑥Li ⇌  Li𝑥Si (2.2) 
The migration of Li+ ions in the electrolyte is controlled by the diffusion of Li 
through the LixSi phase and the reaction of Li and Si at the interface between LixSi and 
Si. As this a-LixSi shell grows and thickens, cracks form at the surface of the particle 
(Figure 2.6c) due to large tensile hoop stress induced by volume expansion of newly 
lithiated silicon at the interface with the shrinking core. These cracks propagate and 
lead to the pulverisation of the Si particle (Figure 2.6d). 
Although Li reacts with Si and transforms into several distinct Si-Li crystalline 
phases at high temperatures [111], the electrochemical lithiation of Si at room 
temperature results in an a-LixSi phase, where 𝑥 is approximately 3.5 [112–115]. 
Moreover, studies have shown that below a potential of about 50 mV vs. Li/Li+, 
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amorphous LixSi transforms to crystalline Li3.75Si [115]. However, the alloying or 
insertion of such amount of Li is accompanied by volume expansion of up to 300 % 
[114], which leads to the huge stress developments that can cause electrode material 
fracturing and pulverisation, which results in loss of electrical contact and rapid 
capacity fading within the battery (Figure 2.7).  
 
Figure 2.7. Voltage profiles from a silicon electrode showing a huge irreversible capacity losses 
after the 1st cycle and up until the 50th cycle. Reproduced with permission from [116]. 
Copyright (2003), The Electrochemical Society.  
Numerous strategies have been proposed to mitigate these failure mechanisms 
in Si electrodes; for example: nanostructured Si materials, such as nanowires [117–
120] and carbon-coated nanocomposites [121–124]; conductive and self-healing 
polymer binders [125,126]; modified cycling protocols [114]. Although nano-sized Si 
materials have been shown to mitigate the severe fracturing associated with lithiation-
induced volume expansion, their high production cost, poor first- and later-cycle 
Coulombic efficiency, and significant solid electrolyte interphase (SEI) formation still 
remain major drawbacks to their use in commercial battery applications. Therefore, 
the use of low cost, more readily available Si microparticles as electrode materials 
appears promising. However, a clear understanding of the degradation and failure of Si 
microparticles during battery operation is crucial. 
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2.3.3 Lithium 
Compared to graphite-based negative electrodes used in commercial 
rechargeable lithium (Li) batteries, metallic lithium offers several advantages: Li has an 
extremely high specific capacity of 3800 mAhg-1 which is ten-fold higher than that of 
lithiated graphite (372 mAhg-1), and it also has the lowest negative electrochemical 
potential (-3.04 V vs. the standard hydrogen electrode [127]). However, Li metal 
suffers severe safety and efficiency challenges that have prevented its use as a 
negative electrode in commercial rechargeable Li batteries. Many of these challenges 
are associated with morphological changes that occur on the lithium metal surface 
upon repeated charge-discharge cycling in non-aqueous electrolyte, which lead to the 
growth of dendritic deposits [Figure 2.8(a)] across the electrode surface that can result 
in battery short circuits [19,128,129], which are potential fire hazards.  
Since the observation of the phenomenon in the 1960s [130], strong efforts 
have been dedicated to mitigate the growth of dendritic lithium. Various strategies, 
such as the use of solid polymer electrolytes, separators and ceramic coatings [131–
134], liquid electrolyte additives [135,136] and Li metal surface passivation [137] have 
been developed to mitigate dendrite growth and moss formation. However, these 
approaches are currently not completely fail-safe, and therefore, a detailed 
understanding the mechanisms of how these dendritic microstructures form as well as 
the conditions under which they can occur in a working battery cell is imperative for 
developing a definite solution to the problem of dendritic growth. 
There is, so far, only limited understanding of lithium dendrite growth 
behaviour but some key observations have been made from previous studies: 
1. Electrodeposition of dendrites can result in the isolation of metallic 
lithium or formation of ‘dead’ lithium crystals [138,139], as described schematically in 
Figure 2.8(b). 
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Figure 2.8 (a) SEM image of a lithium dendrite. Reproduced with permission from [140]. 
Copyright (1998) Elsevier Science. (b) Schematic description of isolated lithium of the 
formation of isolated lithium particles. The uneven dissolution of dendrites leaves lithium 
crystals detached from the lithium substrate. The isolated lithium crystals become 
electrochemically dead but chemically reactive due to their high surface area. Reproduced 
with permission from [90]. Copyright (2004) American Chemical Society. 
2. The SEI layer on the lithium, particularly its homogeneity, plays an 
important role in dendrite growth [141,142]. It is argued that an intrinsically non-
uniform nature of the SEI layer at the nanometre and micrometre length scales causes 
localised deposition and dissolution at parts of the SEI that have higher ion-
conductivity due to their smaller thickness or greater ion-conductive composition, 
leading to stress development between the shape-shifting lithium layer and the SEI 
above it. Moreover, during lithium dissolution, the inhomogeneous distribution of 
current causes the formation of deep pits across the lithium surface, which can serve 
as active sites for dendritic growth. 
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3. Besides filamentous dendritic growth, bush-like or mossy lithium can 
also form at low currents and have been observed to grow from their roots rather than 
at the outermost tip [135,143], in contrast to existing growth models. 
2.4 3D microstructural characterisation of LIB electrodes 
There is a clear need to understand the relationship between electrode 
microstructure and macroscopic performance of LIBs; however, historically, this 
relationship has been poorly understood. This limited understanding is compounded 
by the fact that electrode microstructure is liable to physically evolve during operation, 
which could lead to degradation and failure of the electrode and ultimately the entire 
battery.  
To this end, a variety of characterisation techniques have been employed to 
investigate the microstructures within LIB electrodes. Over the past two decades, 
numerous microstructural examinations have been performed on LIB electrode 
materials using various microscopy techniques such as optical microscopy (e.g. 
[13,14,144,145]), scanning electron microscopy (e.g. [146–149]), transmission electron 
microscopy (e.g. [16,150,151]) and atomic force microscopy (e.g. [87,152–154]) in 
order to reveal their morphology and study microstructural evolution and degradation 
mechanisms. With these high resolution surface techniques, it is possible to resolve 
electrode microstructural features which could range from tens of nanometres to tens 
of microns in size, thus providing a wealth of qualitative information on the electrode 
materials.  
These tools, however, are limited in their ability to provide accurate 
quantitative information on inherently three-dimensional microstructural parameters 
that influence Li+ ion transport behaviour, such as tortuosity and phase connectivity 
within the electrode pore network. Such geometrical properties directly influence the 
performance of the electrode in the cell, thus motivating material microstructural 
studies in three dimensions. Moreover, volume changes and degradation that occur as 
a result of electrochemical lithiation / delithiation within the electrodes during battery 
operation cannot be accurately visualized and quantified using two-dimensional 
imaging tools.  
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Figure 2.9. Graphical representation of the resolution and typical volume analysed per 
experiment for modern tomographic characterisation techniques. Adapted from [155].   
The proliferation of tomographic imaging techniques has made it possible to 
characterise the microstructure of an extended range of materials in three dimensions 
with remarkable resolution. The term ‘tomography’ derives from the Greek word 
‘tomos’ which translates to slice or section, and ‘graph’ to image. In its general 
meaning, tomography is the technique used to obtain a 3D image of an object through 
acquisition of transmitted or reflected images by illuminating the object with a 
penetrating wave from multiple varying directions [156]. Figure 2.9 shows some 
tomography techniques, demonstrating their potential for application based on 
achievable spatial resolution. 
The choice of any of these tomography techniques depends primarily on a 
balance of the sample volume to be characterised and the corresponding resolution 
necessary to resolve relevant features of interest; other factors to be considered 
include the sample properties such as such as its X-ray attenuation coefficient or the 
rate of ion beam milling, and the preservation of the analysed sample. Figure 2.10 
classifies the various tomographic imaging tools by their spatial resolution capabilities 
and their invasive or destructive ability. 
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Figure 2.10. Comparison of tomographic imaging techniques for invasive and non-invasive 
analyses at various spatial resolutions. 
The choice of tomography technique is therefore application specific, and 
employing more than one technique can provide complementary information and aid 
validation of results [33]. The most commonly applied of these 3D imaging techniques 
for obtaining real configuration of LIB electrode microstructures are FIB-SEM 
tomography (which combines focused ion beam (FIB) milling and SEM imaging) and X-
ray computed tomography (X-ray CT).  
2.4.1 FIB-SEM tomography 
Detailed reviews of the theory, recent developments and applications of FIB-
SEM tomography can be found in Uchic et al [157] and Zaefferer et al [158]. FIB-SEM 
tomography, also known as ‘slice-and-view’, is accomplished by the serial acquisition 
of two-dimensional images at different depths in a structure on the base of surface-
SEM. The FIB instrumentation, schematically illustrated in Figure 2.11, incorporates the 
functions of a conventional SEM with a focused gallium ion beam. By positioning both 
electron and ion beams at eucentric coincidence, the specimen is repeatedly milled 
(ablated) with the focused Ga+ ion beam and each newly produced block face is imaged 
with the SEM, followed by a digital reconstruction of the images. The acquired 2D 
images are then aligned and superimposed in order to generate a 3D volume. The FIB 
milling process can be repeated ad libitum allowing 3D analysis of relatively large 
sample volumes with an edge length of several micrometres [159]. The functionality of 
FIB systems is not limited to serial sectioning with standard ion/electron imaging – 
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they can be retrofitted to accommodate additional detection systems for combined or 
simultaneous analyses e.g. energy dispersive spectroscopy (EDS), electron back scatter 
diffraction (EBSD) and secondary ion mass spectroscopy (SIMS).  
 
Figure 2.11. (a) SEM image showing a FIB-SEM configuration and a milled trench formed within 
a LIB electrode sample. (b) A cross-sectional SEM image of the electrode sample taken after 
FIB milling, and (c) the corresponding segmented image. Reproduced from [160], with 
permission from The Royal Society of Chemistry. 
The use of FIB tomography is popular in the semi-conductor industry, as well as 
in the fields of biology and material science. Typical resolutions (i.e. voxel sizes) that 
can be achieved with the FIB tomography are in the range of tens of nanometres down 
to 5 nanometres, thus rivalling resolutions provided by X-ray tomography or by other 
serial sectioning techniques [161]; with such resolution, FIB techniques can be valuable 
for studying individual morphologies of particles within LIB electrodes.  
FIB-SEM tomography has been used to study LIB microstructure: Wilson et al. 
used the FIB-SEM approach to provide the first quantitative 3D microstructural data of 
the LiCoO2 active phase in a fresh commercial LIB positive electrode and were able to 
resolve in great detail, the irregular shapes and significant internal cracking of 
individual micrometre-sized LiCoO2 particles [23]. With sufficient contrast, Hutzenlaub 
et al. however were able to identify three individual phases: active particles, pores, 
and the carbon black/binder mixture in a reconstructed fresh LiCoO2 electrode [22]. 
Ender et al. also identified the particle, pore space and carbon black/binder phases but 
for a porous composite electrode containing nanometre-sized LiFePO4 particles. [8].  
There are, however, some limitations to the application of FIB tomography 
techniques. FIB-SEM is a destructive technique (Figure 2.11), as slices of the 
investigated material are physically milled away by the focused-ion beam, thus 
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restricting the use of FIB tomographic imaging in studies that require tracking temporal 
evolution of microstructural morphology in the same material sample. Moreover, the 
rate of ion beam milling of a material sample is a function of the stopping distance of 
the milling ions within the material; for instance, graphitic structures absorb the Ga+ 
focused-ion beam energy resulting in slow milling thus hindering the acquisition of 
sufficiently large sample volumes within reasonable amounts of time. Shearing et al. 
recognised these limitations of FIB-SEM tomography to generate high resolution 
images of a graphite electrode material in a LIB and instead, used X-ray computed 
tomography (CT) to reconstruct the graphite structure [26]. 
2.4.2 X-ray computed tomography 
Due to its penetrating nature, X-ray radiation has achieved extensive use in 
imaging applications, and this makes it well suited for 3D imaging by tomography 
[162]. Unlike X-ray radiography which generates 2D image information based on the 
measurement of the amount of X-ray transmission through an object, X-ray computed 
tomography (X-ray CT) is an imaging technique that employs digital geometry 
processing to generate or reconstruct a 3D image of the internal structure of an object 
from a series of 2D X-ray projection images (or radiographs), which are recorded as the 
object is rotated about a single axis perpendicular to the X-ray beam. A schematic 
illustration of the basic principle of X-ray CT is presented in Figure 2.12. 
 
Figure 2.12. Schematic illustration of the principle of X-ray computed tomography. 
When X-rays are incident upon an object, they are absorbed, transmitted or 
scattered. In standard X-ray CT, the 2D projection images (typically several hundred 
projections) are progressively obtained by passing a beam of X-rays from an X-ray 
source through the sample object as it is rotated at certain angular increments. The 
transmitted X-rays are then recorded by an X-ray detection system, in which it is 
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converted to visible light by a scintillator; the resulting visible image is then digitized 
and read out into a computer for further processing. A 3D virtual image of the object is 
then created by mathematically reconstructing the acquired series of 2D projection 
images where each voxel (volume element or 3D pixel) represents the X-ray absorption 
at that point.  
Conventional X-ray CT (also referred to as absorption-contrast X-ray CT or 
attenuation-contrast X-ray CT) is a mode of CT imaging based on the detection of X-ray 
radiation attenuated by an object. Attenuation is the extent to which X-ray energy is 
lost in a material. The denser the object is, the more the X-rays incident on it are 
attenuated according to the Beer-Lambert’s law which states that the attenuation is 
exponential: 
 𝐼(𝑥) = 𝐼0𝑒
−𝜇𝑥 (2.3) 
where 𝐼0 is the intensity of the incident X-ray beam, and 𝐼 is the beam’s intensity after 
passing through a material of thickness 𝑥 characterised by a linear attenuation 
coefficient 𝜇 (cm-1). In this imaging mode, contrast1 is dictated by the difference 
between the linear attenuation coefficient of materials / phases in an object; in other 
words, the larger the difference in attenuation coefficient, the better the image 
contrast and the easier subsequent image analysis will be. The linear attenuation 
coefficient closely relates to the atomic numbers of elements as well as the density 
and geometry of objects. Moreover, absorption contrast is achieved when the sample 
being imaged is placed close to the detector. A more extensive review of attenuation–
based tomography can be found in References [163,164]. 
Phase–contrast X-ray CT is a CT imaging mode which is used to increase the 
contrast between objects with similar X-ray attenuation. In other words, objects with 
poor X-ray absorption contrast [165]. Phase contrast is achieved when the beam is 
(partially) coherent and when the sample-to-detector distance is increased in 
comparison to absorption-contrast imaging [166]. Phase-contrast imaging has been 
reviewed in detail elsewhere [164,165]. 
                                                     
1
 Contrast is a measure of how well a feature can be distinguished from the neighbouring 
background [164]. Contrast levels are often quantified by either the ‘signal-to-noise ratio’ or the 
‘contrast-to-noise ratio’, and although the ratios are mathematically different, they provide similar 
information. 
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X-ray CT, initially implemented in the field of medical imaging, today has also 
found application in geology and materials research. For many materials, this 
technique can, in a non-invasive manner, enable the three-dimensional visualization of 
their internal structure, and this can even now be achieved at higher spatial 
resolutions ranging from hundreds to tens of nanometres [167]. Maire et al. [165] 
provide a detailed review of the advances and capabilities of X-ray computed 
tomography as a diagnostic tool. Compared to FIB-SEM imaging, X-ray CT has several 
advantages such as sample preservation during imaging, the ability to reconstruct 
samples that are too delicate or costly to be sectioned, and the capacity to capture 
temporal changes in material structures through successive 3D image acquisition 
giving rise to the notion of “4-dimensional” tomography or “4D imaging”.   
 
Figure 2.13. Plot of achievable spatial resolution versus scan-frequency of various X-ray CT 
facilities and equipment. Open symbols indicate synchrotron sources, filled symbols represent 
laboratory sources, red squares denote white beam and black circles denote monochromatic 
beam, scanners. Reproduced from [165]. 
The proliferation of laboratory-based and synchrotron X-ray CT systems has 
enabled spatial resolutions below 100 nm to be attainable with this imaging technique 
whilst achieving a high frequency of 3D images. Figure 2.13 compares the resolution 
and scan-frequency capabilities of various X-ray CT facilities and systems. 
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In recent years, X-ray CT has been demonstrated to be an invaluable tool for 
visualizing and understanding the microstructure of LIB electrode materials as well as 
the temporal behaviour of the microstructure during battery operation and failure. 
With this imaging platform, battery researchers can now study and even predict the 
role of electrode microstructure on battery performance. Two reviews by Shearing et 
al. [34,35] discuss the application of X-ray CT as a powerful diagnostic tool for 
microstructural examination of electrochemical devices including LIBs, highlighting the 
ability of the tomographic techniques to identify a wide range of physical phenomena.      
Shearing et al. were the first to publish on the use of X-ray tomography to 
characterise the 3D microstructure of lithium ion battery electrodes [26]. This study 
reconstructed a graphite electrode harvested from a fresh commercial LIB using a 
laboratory X-ray source and demonstrated the potential to use X-ray tomography to 
study carbon based electrode materials at length scales sufficient to study their 
microstructures. A cross sectional image slice through the reconstructed graphite 
electrode is shown in Figure 2.14. 
 
Figure 2.14. Vertical cross section through a graphite electrode obtained from tomographic 
reconstruction. Reproduced with permission from  [26]. Copyright 2010 Elsevier. 
Electrode materials with low atomic (Z) number can also be captured using X-
ray imaging techniques. Using synchrotron nano-tomography, Tariq et al. were able to 
image the 3D micro/nano structure of mesocarbon–microbead (MCMB) based 
electrodes (having low Z-number) at sub-100 nm resolution and with the aid of 
enhanced contrast labelling, the authors were able to identify binder particles and 
binder coatings around the active particles [27].  
Multiple length scale X-ray tomographic characterisation of LIB electrodes has 
also become desirable in order to reveal a wealth of microstructural information as it 
can help provide further insight into the wide range of phenomena occurring in LIBs. In 
a later study, Shearing et al. extracted a range of microstructural information by 
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examining a commercial LIB positive electrode at different length scales, 
demonstrating the need for different resolution depending in the physical parameters 
or properties under investigation [24]. 
Phase-contrast X-ray imaging has proved instrumental in helping to reveal 
further microstructural detail in lithium ion batteries, particularly in low atomic 
number (low Z) materials. The proliferation of phase-contrast X-ray imaging modalities 
[168–172] has helped enhance contrast in X-ray images of weakly absorbing materials 
by utilizing phase shifts across the incident X-ray beam.  
Obtaining accurate and representative 3D information on electrode 
microstructure and constituent particle morphology can significantly influence 
understanding of how electrode materials behave during fabrication, during battery 
operation and even battery failure. Ebner et al. used synchrotron X-ray tomographic 
microscopy to obtain statistically relevant 3D reconstructions of NMC-based cathodes, 
studying variations in their microstructural properties and electrochemical 
performance with varying carbon-binder concentrations and different laminate 
calendaring pressures [29]. Their work also demonstrates the capability of high 
resolution X-ray imaging for use in the detection of fabrication–induced fracture in 
micron-sized electrode particles and in examining the inhomogeneous particle size 
distribution through the electrode. In another study, Ebner et al. showed using SXRM 
that particle shape and fabrication-induced alignment can cause tortuosity anisotropy 
within electrode materials, which may have an impact on battery performance [173].    
X-ray tomographic techniques provide access to detailed microstructural data 
on the battery electrode materials in three dimensions; however, extending these 
imaging techniques to explore transient changes in electrode morphology and 
microstructure gives rise to the notion of ‘4-dimensional tomography’ to study 
microstructural evolution and degradation processes in the time domain. X-ray 
tomographic characterisations have been carried out ex-situ to directly visualize 
morphological evolution in LIB electrode microstructure: Chen-Wiegart et al. 
performed an ex-situ investigation on the degradation mechanism of LiVO2 electrode 
material by using synchrotron X-ray nano-tomography to visualize and quantify the 3D 
microstructure of a LiVO2 composite electrode material before and after oxidation 
upon exposure to air, and observed crack growth in active material particles as well as 
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the formation of a low contrast oxidation layer after oxidation of the air-sensitive LiVO2 
particles [9]. In an attempt to quantitatively analyse three-dimensional electrode 
microstructural changes before and after electrochemical cycling, Liu et al. obtained 
multiple three-dimensional image volumes of LCO/NMC electrode materials harvested 
from different positions in fresh and cycled commercial LIB cells using both FIB-SEM 
tomography and synchrotron X-ray nano-tomography [33]. However, microstructural 
inhomogeneities present in the different analysed reconstructed volumes limited the 
comparison of any microstructural changes in their study. Moreover, the use of 
different sample volumes to measure microstructural changes ex-situ (particularly 
when using FIB-SEM) can introduce significant error into the analysis, as the statistical 
differences in material microstructure can often cloud the interpretation of 
microstructural change [34]. Furthermore, contamination may occur during sample 
preparation and handling between battery use and characterisation which interrupt 
ex-situ measurements.  
Contrary to conventional ex-situ methods, in-situ and operando X-ray 
tomographic imaging techniques provide the opportunity to directly monitor various 
physical and chemical changes (e.g. volume changes, phase transitions, side reactions 
etc.) that electrode materials undergo during battery operation without the need to 
disassemble the battery, thus offering the ability to directly link these phenomena to 
the electrochemical behaviour of the battery. 
‘In-situ’ in Latin translates to ‘in position’ and in the context of battery research, 
this refers to measurements that are carried out on materials in their original position 
within a battery or in the relevant environment (for example, in an electrolyte and 
under bias), thus enabling material characterisation under more realistic and 
representative conditions. Some in-situ experiments do not necessitate battery 
operation; however, those that do may require interruption of battery operation prior 
to any characterisation – in this PhD thesis, such experiments will be referred to as 
‘time–lapse in-situ’ investigations. Operando characterisation is a unique case of in-situ 
experiments where the material of interest is within a battery or electrochemical cell 
under typical operating conditions, i.e. the battery or electrochemical cell is being 
(dis)charged during characterisation.  
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To successfully perform in-situ experiments on LIBs, it is required that the 
batteries or cells must be accommodate any constraints imposed by the diagnostic / 
characterisation tool being used. A comprehensive overview of in-situ investigations 
on LIB materials using various characterisation techniques has been done by Harks et 
al. [174]. In-situ characterisation using X-rays has become a very useful way of 
examining structural changes in LIB electrode materials. However, one major challenge 
with this technique, especially for higher resolution studies on electrode 
microstructure, is that commercial batteries are often encased in materials having high 
X-ray attenuation such as steel, preventing adequate exposure of battery electrodes / 
innards to the X-rays.  
 
 
Figure 2.15. (a) A vertical cross-sectional slice through an X-ray tomogram of the commercial 
MnO2/LiAl coin cell battery used by Eastwood et al. [175], showing the cell architecture. 
Although the steel casing is in strong contrast, the electrode geometry can also be clearly 
resolved. (b) A cut-away rendered image of the reconstructed cell, showing the MnO2 cathode 
attached to the positive (uppermost) battery terminal. (c) At higher resolution, the virtual slice 
shows the MnO2 electrode and particles. Reproduced with permission from [175]. Copyright 
(2013) John Wiley and Sons. 
Eastwood et al. successfully conducted an in-situ, high resolution 3D X-ray 
microscopy study on a functionally complete rechargeable lithium battery cell before 
and after cell discharge [175]. Without the need for cell modification, the uniquely 
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small geometry of the commercial coin cell battery housing (ca. 4.8 mm wide, 1.45 mm 
thick) made it suitable for such high resolution imaging microstructural studies (see 
Figure 2.15), and enabled the authors to quantify and map lithiation-induced dilation 
of active particles in a composite manganese oxide cathode in three-dimensions. 
However, such level of microstructural detail achieved in this study will be much more 
challenging to achieve using much larger, ubiquitous commercial cell geometries such 
as the cylindrical 18650 and coin shaped 2325 designs without implementing 
modifications to the original battery cell design. 
This challenge has spurred the design and fabrication of bespoke 
electrochemical cells / batteries with X-ray transparent packaging / windows which 
facilitate high X-ray penetration through the sample of interest whilst keeping the cell 
operational. With X-ray tomographic imaging, cells fabricated for in-situ experiments 
have, so far, been modifications of standard electrochemical cell types used in 
laboratory battery research; these cells are usually made from X-ray transparent 
material to minimize absorption of hard X-rays, and have been modified to minimally 
absorb hard X-rays whilst permitting an unobstructed view of the electrode material of 
interest through an entire 180° rotation, e.g. polymeric Swagelok cell [176] and 
capillary tube cell [177]. A conventional pouch cell design has also been used for in-situ 
X-ray tomographic imaging [178], but due to its flat design, measurable angular range 
for CT is limited to ca. 140°.  
The development of ever brighter synchrotron facilities has led to faster 3D 
image acquisition rates thus providing the opportunity for applying operando X-ray CT 
characterisation to study transient processes during LIB operation, degradation and 
even failure. Ebner et al. [176] performed the first operando X-ray tomographic 
investigation on LIBs. In their study, the morphological and chemical composition 
changes within individual SnO particles during the first (de)lithiation were captured: 
this involved the acquisition of several sequential X-ray CT images during the course of 
the electrochemical lithiation and delithiation. The authors were able to track 
lithiation-induced volume expansion and crack formation within individual SnO 
particles and also quantitatively link the measured capacity loss within the bulk 
electrode to the observed electrically disconnected SnO particles.  
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At the cell level, Finegan et al. [179] were able high speed synchrotron X-ray CT 
(up to 2.5 Hz) and thermal imaging to track the progression of rapid structural 
deformation during thermal runaway and failure of commercial 18650 LIB cells. The 
approach has provided unprecedented insight into a number of crucial degradation 
modes (e.g. gas–induced electrode delamination, electrode layer collapse etc.) and 
enabled evaluation of the effect of current cell architecture and engineering design on 
battery safety and electrochemical performance.  
With ongoing developments in the temporal and spatial resolution of X-ray 
techniques, coupled with phase contrast and XANES tools, the battery community is 
progressively becoming equipped to explore the microstructural effects on battery 
performance in real time.   
2.5 Summary 
The electrochemical performance of lithium-ion batteries is directly influenced 
by the microstructure of the electrode materials assembled within them. These 
microstructures evolve over time and with battery state of charge, thus closely linking 
microstructural degradation with device lifetime. Despite the clear importance of 
electrode microstructure in LIBs, there is currently only a limited understanding of 
these inherently three-dimensional structures and how they evolve upon manufacture, 
and during battery operation and failure.  
The recent rapid development of X-ray CT techniques has enabled 
characterisation of the microstructure of a wide range of electrode materials in three 
dimensions with remarkable resolution. The non-invasive and non-destructive nature 
of X-rays makes this technique particularly suitable for studying the microstructural 
evolution that occurs in LIB electrodes, even at multiple length scales. However, there 
are only a few studies in the literature that have been reported to apply 3D X-ray 
characterisation techniques to investigate microstructural evolution during battery 
operation, especially at the micrometre and nanometre length scales. This is mainly 
because rechargeable lithium batteries are often encased in materials with high X-ray 
attenuation which prevent adequate exposure of battery electrodes/innards to the X-
rays, and thus requiring the development of miniaturized version of LIB cells which, in 
itself is non-trivial.  
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This work aims to apply X-ray CT techniques at multiple time and length scales 
in provide insight into the microstructural evolution that occurs LIB electrodes during 
battery operation and ageing.  
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Chapter 3 
3 Experimental Methods and In-situ Cell Development 
Portions of this chapter is reproduced in part with permission from 
“Comparison of three-dimensional analysis and stereological techniques for 
quantifying lithium-ion battery electrode microstructures”, O. O. Taiwo, D. P. Finegan, 
D. S. Eastwood, J. L. Fife, L. D. Brown, J. A. Darr, P. D. Lee, D. J. L. Brett, and P. R. 
Shearing, Journal of Microscopy, vol. 263, no. 3, pp. 280–292, Copyright (2016) John 
Wiley & Sons. 
  
As discussed in the previous chapter, electrodes in LIBs possess complex 
microstructures which play a critical role in determining battery performance, 
especially as these microstructures evolve during battery operation, degradation and 
even failure. This work aims to use X-ray CT techniques to characterise the 3D 
microstructure and morphology of LIB electrodes in order to gain insights into their 
microstructural degradation. This chapter presents the experimental methods and 
techniques used in sample preparation and characterisation in this research work. The 
general procedures for electrode preparation and electrochemical testing which are 
later applied in subsequent chapters are introduced. Techniques and tools used for 
electrode microstructural characterisation and image-based quantification are also 
described. In addition, the design and development of an in-situ electrochemical cell 
suitable for 3D microstructural evolution studies using X-ray CT is presented.       
3.1 Electrode preparation 
In the course of this research work, electrode laminates or coatings were either 
obtained as ready-made laminates from a commercial supplier or were prepared 
directly from mixing and drying electrode slurries in the laboratory.  
Figure 3.1 shows a general workflow for the preparation procedure of the 
electrodes studied in this research. Electrode laminates used in the studies reported 
later in this chapter (for development of X-ray transparent in-situ cells) and in Chapter 
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4 were commercially sourced. Prior to any cell assembly, all commercially-made 
electrode laminates that were used in electrochemical tests were dried under vacuum 
at 80 °C for 24 h to remove any traces of moisture. 
 
Figure 3.1. General workflow for the electrode preparation procedure.  
Electrode laminates and coatings used in the studies reported in Chapters 5, 6 
and 7 were prepared by mechanically mixing electro-active materials with conductive 
additives in powder form; the mixture was subsequently dissolved in a solution 
containing the binder material dissolved in a solvent to form slurry. In this research 
work, graphite and silicon-based electrodes are investigated and were prepared in the 
laboratory, and solvents that were used were N–methyl–2–pyrrolidone (NMP) or de-
ionized water. Prepared electrode slurries were then coated onto a current collecting 
surface. Conducting foils or stainless steel rods were used as current collectors, 
depending on the cell design. Slurry coating onto current collecting foils was 
performed using a micrometre adjustable doctor blade and film coater (MTI Corp, 
USA), while dip-coating was used to apply slurry onto one end of the stainless steel 
rods.  
Surfaces coated with slurry were dried under vacuum to remove any traces of 
solvent. Dried electrode laminates, separators and metallic lithium chips were cut in 
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disc shape using circular hole punches. The detailed electrode preparation procedures 
for each electrode material studied will be discussed in the relevant sections. 
3.2 Cell fabrication 
For all cell assembly, prepared electrodes and clean electrochemical cell parts 
were transferred into a glove box with high-purity argon atmosphere (MBraun LABstar, 
Germany). The O2 and H2O levels in the glove box were maintained below 0.5 parts per 
million (ppm) during use. Electrochemical cells used in the course of the work were 
either of coin cell type or Swagelok-type geometry, with a two-electrode configuration. 
Modified versions of these cell geometries were also designed to facilitate in-situ and 
operando X-ray tomographic investigations.  
2032-type coin cell (CR2032, MTI Corp, USA) and Swagelok cell hardware (PFA-
820-6 and PFA-220-6, Swagelok, USA)  were cleaned in isopropanol (≥ 99.5 % purity), 
followed by a 12 h drying at 60 °C under vacuum before use. All cells were assembled 
with a working electrode (an electrode laminate or coating), a separator soaked in 
LiPF6-based electrolyte, and a metallic lithium counter electrode. In the two-electrode 
configuration, the counter electrode also serves as a pseudo-reference electrode, 
providing data for the working electrode potential versus lithium. Because all the cells 
in this work were assembled with a lithium counter electrode, they are also referred to 
as “half-cells” in the course of this thesis.  
Coin cells were pressure-sealed during assembly using a manual hydraulic 
crimping machine (MSK–110, MTI Corp, USA) equipped with a 2032-type die at 
pressures of 1000 – 1200 psi. After cell assembly, the cells were left to sit for at least 
half an hour prior to any electrochemical testing to allow time for the electrode to be 
sufficiently soaked with electrode. Swagelok cells were sealed off after assembly by 
tightening the Swagelok nuts against the (front and back) ferrules in order to create a 
leak-tight seal on the stainless steel current collecting pins.    
3.3 Electrochemical cycling 
Electrochemical cycling, or charge–discharge cycling, is a widely used 
electrochemical technique in rechargeable battery research, in which electric current is 
controlled and potential is measured. This technique usually involves the application of 
a current between the positive and negative electrodes of a battery, and the direction 
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of the current determines whether the battery is being charged or discharged. This 
applied current is often expressed as a ‘C-rate’ in the battery industry in order to 
normalize against battery capacity, which usually varies with batteries.  
A C-rate is a measure of the rate at which a battery is discharged relative to its 
maximum achievable capacity. For example, a 1C rate means that the galvanostatic 
discharge current applied will discharge the battery within 1 hour; hence, a 100 mAh 
battery discharged at a 1C rate should deliver a current of 100 mA for 1 hour, a 3C rate 
for the same battery would be 300 mA for one-third of an hour and a C/5 rate would 
be 20 mA for 5 hours.  
 
Figure 3.2. Constant current-constant voltage (CC-CV) charging with battery voltage and 
current response.  
A number of charge–discharge cycling methods exist for rechargeable 
batteries: common cycling protocols in rechargeable lithium battery research include 
constant current cycling (sometimes referred to as galvanostatic cycling) and constant 
current-constant voltage (CC-CV) cycling. In lithium-ion battery charging, the CC-CV 
charging protocol (Figure 3.2) is one of the most often used – it is a two-step charging 
method in which a constant current is applied across the battery until the upper limit 
of the cycling voltage window is reached; the charger is then switched into constant 
voltage mode during which the voltage is maintained at the upper voltage limit while 
the current decreases exponentially with time. The charging is terminated when the 
current drops below a specified level, e.g. 3% of the initial current in the constant step.  
The constant voltage step in the CC-CV cycling protocol is a saturation charge which 
Experimental Methods and In-situ Cell Development 
 
35 
 
boosts the cell/electrode capacity but can also add stress to the electrode material due 
to high voltage. Others battery charging protocols include: trickle charging, float 
charging, taper charging and pulsed charging.  
In this thesis, electrochemical cycling measurements were performed on the 
assembled cells either by means of a computer controlled potentiostat (Ivium 
Technologies, UK) or battery cycler (Maccor 4300 series, Maccor UK). Cell cycling 
conditions such as charging current or C-rate and cycling potential window for each 
given study are detailed in the relevant sections. Throughout the research work, all 
potentials are reported with respect to the metallic lithium voltage (Li/Li+).    
3.4 Material Characterisation 
3.4.1 Scanning electron microscopy 
Scanning electron microscopy (SEM) is used to reveal surface morphology 
information on investigated material samples. In SEM, the surface of the sample is 
scanned in a raster pattern with a focused electron beam controlled by an accelerating 
voltage using an electron gun. Depending in the penetration depth, the electron beam 
interacts with atoms at various depths within the material sample, producing signals 
such as back-scattered electrons (by elastic scattering) and secondary electrons (by 
inelastic scattering) which can be detected by specialized detectors. These signals are 
then amplified and displayed as variations in brightness in a computer-generated 
image. Simultaneous sample analysis can be also done using energy dispersive X-ray 
spectroscopy (EDS) which uses the detection of characteristic X-rays from the 
excitation of inner-shell electrons to spatially resolve and perform elemental analysis 
of the sample. 
In the course of this work, SEM imaging was performed using an EVO MA 10 
microscope (ZEISS, UK). For SEM imaging experiments in this research work, electrode 
samples were cut into 0.5 cm wide disks and mounted onto stubs using adhesive 
carbon tape. Typical SEM parameters used were: working distance 8.5–9 mm, 
accelerating voltage 5–10 kV, and gun vacuum below 5 × 10-7 mbar.     
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3.4.2 X-ray CT Imaging 
In the course of this research work, LIB electrode microstructural investigations 
were extensively performed using both laboratory and synchrotron based X-ray CT. 
Both types of X-ray CT instrumentation are described in the following subsections. 
3.4.2.1 Laboratory X-ray CT  
In a conventional laboratory X-ray CT setup, X-ray radiation is produced with 
the aid of an X-ray tube source in which electrons are emitted from a filament 
(cathode), are accelerated by an electric potential difference and then sharply 
decelerated upon collision with a heavy metal target (anode) producing 
Bremsstrahlung radiation (the target is a heavy metal such as Cu, Mo, Ag, or W). Figure 
3.3 shows a conventional X-ray tube source. The X-rays produced have a broad 
(‘polychromatic’) spectrum and the X-ray flux is controlled by the target material as 
well as the applied current.  
Laboratory X-ray CT instruments are categorized according to their achievable 
resolution and available field-of-view into micro– or nano–CT systems.  
 
Figure 3.3. Schematic diagram of a conventional X-ray tube.  
3.4.2.1.1 X-ray micro–CT systems 
An example of an X-ray micro–CT setup is shown in Figure 3.4. Typical 
laboratory X-ray micro–CT systems employ cone-shaped X-ray beam geometry for 
which the imaging spatial resolution of the system is determined by the detector pixel 
size and the focal spot size of the X-ray source (i.e. the size of the region on the target 
anode material from which the X-rays are created). The X-ray source spot size limits 
Experimental Methods and In-situ Cell Development 
 
37 
 
the resolution achievable for large geometrical magnification2. Spot sizes of ca. 1 µm 
are typically achieved in high resolution micro–CT systems which employ microfocus X-
ray sources. Detector pixel size can be controlled by using the optical magnification 
between the scintillator and the CCD detector sensor, and the effective pixel size is a 
function of the optical and geometrical magnifications. 
Phase contrast can be achieved in X-ray micro–CT systems through the use of 
the in-line (or ‘propagation’) method [164,165]. In this method, the detector is placed 
much farther away from the sample than is normal for (absorption) X-ray imaging, with 
the extent of phase contrast increasing with distance. As illustrated in Figure 3.5, X-
rays that are refracted upon passing through an object diverge and interfere with 
other traversed X-rays at the detector plane, producing detectable fringes in the image 
at the external and internal boundaries between materials of different electron 
densities / refractive indices [164]. These fringes produce edge-enhancements at the 
appropriate sample-to-detector distance, and the amount of edge enhancement is a 
function of the X-ray source voltage, spot size, detector pixel size, as well as source-to-
sample and sample-to-detector distances [180,181]. 
 
 
Figure 3.4. An X-ray micro–CT system setup, featuring cone beam geometry. 
                                                     
2
 Geometrical magnification is given by the ratio of the source-to-detector distance and the source-to-
sample distance. 
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Figure 3.5. Schematic illustration of the in-line method of phase contrast X-ray CT imaging. 
Images acquired with the detector near the sample are dominated by absorption contrast, but 
moving the detector further away from the sample allows the interference of refracted X-rays 
‘r’ with transmitted X-rays and edge contrast generation. Adapted from [164]. 
This type of X-ray imaging requires an X-ray beam with adequate spatial 
coherence3; for a given X-ray energy, high spatial coherence may be achieved by using 
a small X-ray source spot size (usually the case with laboratory X-ray CT) or by large 
source-to-sample distances (usually exploited in synchrotron X-ray CT). 
In this research work, two laboratory-based X-ray micro-CT instruments were 
used, namely: ZEISS Xradia Versa 520 (Carl Zeiss Microscopy Inc., Pleasanton, USA) and 
Nikon XTH 225 ST (Nikon Metrology, Leuven, Belgium). Both micro-CT instruments are 
equipped with micrometre spot size laboratory X-ray sources with cone beam 
geometry. The ZEISS Xradia Versa 520 can achieve true spatial resolution to around 
700 nm while, with the Nikon XTH 225 ST, resolutions down to 3 µm can be achieved 
for sample sizes of < 10 mm diameter. For each sample material examined, the 
accelerating voltage and tube current of the X-ray CT instrument were chosen based 
on the X-ray absorption coefficients of the samples. 
3.4.2.1.2 X-ray nano–CT systems 
Current laboratory based X-ray nano-CT systems can achieve resolutions down 
to 50 nm, using a Fresnel zone plate as the X-ray focusing optical element or objective 
lens, as shown in the schematic in Figure 3.6. Due to the wavelength dependence of 
the optical elements, microscope designs for nano-CT systems employ a narrow range 
of X-ray energies in order to obtain monochromatic, quasi-parallel X-ray illumination.  
                                                     
3
 Spatial coherence is a measure of how divergent is a wavefront is, and with respect to X-ray imaging, it 
is a function of the X-ray source-to-object distance, wavelength and X-ray focal spot size. 
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Phase contrast in laboratory based X-ray nano–CT systems is achieved using 
‘Zernike phase contrast’, a method developed by Frits Zernike [182] with initial 
application in optical light microscopy. In this method, a phase ring (also referred to as 
‘Zernike’ ring) is placed after the Fresnel zone plate (Figure 3.6) which introduces a 
phase shift between diffracted and undiffracted light from the sample.   
 
Figure 3.6. Schematic illustration of a X-ray nano–CT system setup. 
In this research work, laboratory based X-ray nano-CT investigations were 
conducted using a ZEISS Xradia 810 Ultra (Carl Zeiss Microscopy Inc., Pleasanton, USA). 
This instrument can achieve considerably better resolution compared to conventional 
laboratory X-ray micro-CT, as fine as 50 nm. It also possesses both absorption and 
Zernike phase contrast CT imaging capabilities to enable non-invasive imaging of a 
variety of materials at the nanometre scale.  
3.4.2.2 Synchrotron X-ray CT 
The use of synchrotron radiation as an X-ray source can give enhancements to 
the quality of imaging that can be performed with X-rays. Synchrotron radiation is the 
result of bending or steering a high energy electron beam with bending magnets in a 
continuous circular or ring path. This is done within a series of particle accelerators in a 
synchrotron light source. A synchrotron light source can generate very high intensity 
beams of X-rays, infrared and ultraviolet light, called ‘synchrotron light’.  
The schematic illustration of the layout of a typical synchrotron light source is 
shown in Figure 3.7(a). Within the linac (linear accelerator), electrons are released in a 
heated electron gun and propelled using magnets into the booster synchrotron ring. In 
the booster ring, electrons are further accelerated before being injected into the 
storage ring; the booster often only works a few times a day to refill the storage ring. 
In the storage ring, the electrons circle around close to the speed of light, and are 
forced to release radiation and energy through the use of magnets. The high energy X-
rays emitted by the electrons (due to their circular path movement) are then 
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tangentially projected from the storage ring to be captured and channelled to 
experimental stations called beamlines for various experimental investigations.  
 
 
Figure 3.7. Schematic representation of (a) a typical synchrotron, adapted from [183] 
(b) synchrotron X-ray CT station setup featuring parallel beam geometry. 
 
The use of synchrotron radiation as an X-ray source in place of the conventional X-ray 
tube has advantages such as: 
 Higher X-ray flux (i.e. number of photons per second), which is three to four orders 
of magnitude higher than that from conventional X-ray generators [184], greatly 
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improves both image and contrast resolution and thus enabling rapid tomography 
data collection especially for dynamic experiments.  
 High X-ray coherence, which significantly improves phase contrast compared to 
that obtained with laboratory sources.  
 X-ray beam collimation (i.e. small angular divergence of the beam), which eases the 
tomographic reconstruction.  
 The tune-ability of the X-ray energy to a narrow energy band (i.e. beam 
monochromatization), which offers the possibility of reducing sample radiation 
dose and beam hardening [185], as well as providing phase identification about 
material absorption edges (using XANES)  [34,186].  
Moreover, the parallel X-ray beam geometry employed at synchrotron sources 
[Figure 3.7(b)] facilitates the implementation of in-situ and operando experimental rigs 
since a large sample-to-detector distance can be maintained without loss of intensity 
in acquired images.  
In this thesis, the CT imaging parameters and conditions for each study (both 
laboratory and synchrotron based) are reported in the relevant sections.   
3.4.2.3 Sample preparation for X-ray CT experiments 
Before each tomographic imaging experiment, the sample of interest needed 
to be prepared in a manner that would optimise the quality of the resulting 3D image 
or tomogram4. In this work, X-ray CT experiments were performed on LIB electrode 
materials under ex-situ, in-situ or in-operando conditions. Ex-situ studies involved 
imaging of bare electrode samples in their fresh (pristine) state, or after charge-
discharge cycling where the cycled battery cell had to be taken apart to extract the 
electrode sample of interest. In-situ and in-operando studies involved imaging of the 
electrode sample within an assembled electrochemical cell. 
For ex-situ CT imaging studies, electrode samples were carefully dissected with 
a scalpel into smaller sizes in order to meet the field of view requirements of the X-ray 
CT instrument being used. This helps produce better imaging results (i.e. higher signal-
to-noise ratio and thus better spatial resolution) and reduce CT scan time. Figure 3.8 
shows images of electrode samples mounted for X-ray CT experiments and the 
                                                     
4
 In this thesis, a tomogram is referred to a complete 3D image recorded during a tomography scan. 
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materials used in the sample mounting procedure. Dissected samples were then 
mounted onto a needle tip coated with two-part epoxy resin (Araldite, Germany) and 
allowed to set for at least 4 h prior to any CT imaging experiments. Samples prepared 
for nano-CT imaging were much smaller in size (ca. 0.5 - 1 mm tall), compared to those 
for micro-CT experiments (ca. 3 - 5 mm tall), and often required the use of an optical 
microscope to aid sample mounting. The needle-mounted samples were then placed 
into sample holders suited to the rotating sample stage of the X-ray instrument. 
For in-situ and in-operando imaging studies, the electrode samples were 
assembled into bespoke in-situ electrochemical cells that enabled adequate exposure 
of the electrode material of interest to X-rays. After cell assembly, the in-situ cells were 
placed in a sample holder suited to the rotating sample stage of the X-ray instrument. 
Mounted functional cells were electrically isolated from the rotating stage with 
electrically insulating tape to prevent any interference that may come from the 
rotating stage electronics of the CT instrument. More detail on the preparation of each 
CT sample studied is reported in the relevant sections. 
 
Figure 3.8. Materials used in the sample mounting procedure for ex-situ studies. Samples were 
mounted on the stainless steel pin tip. (b) Electrode sample for nano-CT imaging experiment. 
(c) Electrode sample mounted for micro-CT imaging experiment.  
Experimental Methods and In-situ Cell Development 
 
43 
 
3.5 Image processing and segmentation 
In this work, reconstructed image datasets resulting from the tomographic 
imaging scans were acquired as a stack of 2D greyscale images in TIFF format. In order 
to extract 3D image information from within these datasets, image processing and 
segmentation had to be performed. Here, image processing was used to enhance 
greyscale image quality and extract regions of interest within an entire 3D dataset, and 
image segmentation was used to extract features of interest based on the pixel 
greyscale intensity within the images, in order to generate a 3D model of the features 
of interest. Figure 3.9 shows an overview of the image data analysis workflow 
following tomographic image acquisition. All image processing and segmentation 
operations in this work were performed in Avizo (v9.0, FEI Visualization Sciences 
Group, Mérignac Cedex, France) and ImageJ image analysis software 
(http://rsbweb.nih.gov/ij/). 
 
Figure 3.9. Schematic representation of the workflow for 3D image data analysis. 
3.5.1 Image processing 
Image processing of reconstructed tomographic images involves the 
enhancement of the image grey-levels and application of image filters [165]. Grey-level 
modifications could be in the form of greyscale histogram equalization, and 
adjustments to image brightness and contrast. Prior to image processing, it is common 
practice to extract the region of interest (a volume containing the features of interest) 
by image cropping; this is also done to reduce the amount of data to be processed. In 
some cases, down-sampling of greyscale images (e.g. conversion of images from 16-bit 
to 8-bit format) is performed to improve ease of data handling and processing of large 
image datasets. 
To reduce background noise or remove unwanted artefacts in the greyscale 
image datasets collected in this work, digital image filters were applied to greyscale 
image stacks; this also eases the image segmentation process. However, care was 
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taken during filter application to ensure that the features of interest were not 
significantly distorted by the smoothing or de-noising operation of the image filters. 
Digital image filters used in this work are the median filter [187] and non-local 
means filter [188], both of which are available in the Avizo software. Figure 3.10 is an 
example of the outcome obtained from applying image filters.   
 
Figure 3.10. An example of filter application to a single reconstructed image slice of a LIB 
battery electrode to reduce image noise. (a) Original image. (b) Median-filtered image.  
3.5.2 Image segmentation 
Image segmentation is typically used to identify the objects and relevant 
boundaries within images. During segmentation, greyscale images are partitioned into 
homogeneous, non-intersecting regions (i.e. into different materials or phases) by 
assigning a label to every pixel (or voxels in 3D) in the image such that pixels with the 
same label share similar greyscale intensity information. For example, a greyscale 
image of a battery electrode could be separated into a solid phase consisting of 
electrode particles and a pore/electrolyte phase. For a 3D greyscale image, the output 
of the segmentation process is a stack of labelled images. Figure 3.11 shows an 
example of the segmentation process. 
 
Figure 3.11. Cross-section of reconstructed image (a) before and (b) after applying threshold 
segmentation to extract the high attenuating particles.  
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Segmentation was performed using the “Edit Label Field” module in the Avizo 
software, which provided automatic segmentation tools such as threshold-based 
segmentation and region-growing for fast and less manual pixel labelling. Any 
background noise present with similar pixel intensity as the features of interest was 
carefully removed using label smoothing and island removal filters. 
3.5.3 Feature separation and identification 
After the segmentation or binarization process, features within the image such 
as grains or particles that seem to overlap can be separated and individually identified 
or labelled for further analysis. The feature separation operation can be performed in 
Avizo software using the “Separate Objects” quantification module (or ‘binseparate’ 
module in earlier software versions). The algorithm computes the 3D watershed on the 
binarized image stack which helps to identify connection lines between features or 
objects and separates them along these lines. The resulting output image of the 
process consists of the desirable feature separations, visualized as the outline of each 
feature. Subsequently, each individual feature is labelled automatically (using a 
connected component analysis [189]) for 3D visualization or for further analysis. 
3.6 Microstructural quantification 
After segmenting features of interest within the 3D image volume, 
microstructural quantification could then be performed on the segmented data in 
order to extract relevant structural parameters. In this work, key microstructural 
parameters of interest include phase volume fraction, specific surface area, particle 
size and size distribution, pore size and size distribution, and tortuosity. These 
parameters play a crucial role in understanding the relationship between electrode 
microstructure and performance in lithium-ion batteries. The calculation of the 
parameters is discussed in the following section. 
3.6.1 Phase volume fraction 
Phase volume fraction is calculated, using voxel counting approach, as the ratio 
of the total number of voxels in a particular phase to the total number of voxels in the 
analysed reconstruction volume. For instance, in a segmented 3D image containing a 
phase 𝑘, the volume fraction of phase 𝑘 is given by: 
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 𝑉𝑜𝑙. 𝑓𝑟𝑎𝑐.  𝑜𝑓𝑝ℎ𝑎𝑠𝑒 𝑘 =   
∑ 𝑣𝑜𝑥𝑒𝑙𝑠 𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑎𝑠 𝑝ℎ𝑎𝑠𝑒 𝑘
∑ 𝑣𝑜𝑥𝑒𝑙𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
 (3.1) 
Phase volume fraction is a dimensionless parameter and does not require 
imaging resolution information to be calculated. With porous materials, the volume 
fraction of the pore phase is also referred to as porosity. Porosity in lithium-ion battery 
electrodes influences battery electrochemical performance, especially when deciding 
between high energy and high power battery applications.      
3.6.2 Specific surface area 
With respect to battery electrodes, this parameter can provide both structural 
and performance-related information, as the interface between the electrode and the 
electrolyte serves as the reaction site for charge transfer during battery cycling. Larger 
surface area can be associated with smaller electrode particle size.  
The volume-specific surface area can be defined as the ratio of the total 3D 
surface area of the sample’s solid–porosity interphase to the total analysed sample 
volume. This microstructural parameter can be used to characterise how finely (or 
coarsely) a microstructural phase or constituent is dispersed in the 3D microstructural 
volume. Since specific surface is not a dimensionless parameter (unit: 1/length), it is 
essential to know the image pixel resolution for its estimation.  
In the segmented images, the 3D surface area was calculated as the area of a 
triangular surface mesh approximation of the solid phase/porosity interface. This was 
performed using the ‘Surface Area-Volume’ quantification module in Avizo software. 
Here, a marching cubes algorithm [190] is applied to the segmented image to generate 
a triangulated surface. In order to capture phase interfaces, the marching cube 
algorithm in Avizo allows for generating interfaces between multiple segmented 
phases, and can use sub-voxel weights for surface smoothing. A constrained surface 
smoothing was applied using sub-voxel weights and with an optimal smoothing extent 
of 5 in the surface generation step. For this surface area calculation approach, mesh 
refinement was done and validated against the analytical solution of model image 
samples. 
3.6.3 Tortuosity 
Tortuosity, often denoted by 𝜏, is another key structural parameter that is used 
to account for the complexity and interconnectedness of transport paths in porous 
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media. In lithium-ion batteries, the tortuosity of the pore phase describes the 
influence of electrode morphology on lithium-ion transport with the electrolyte. In the 
literature, the term has been defined from a diffusion transport point of view (as 
tortuosity factor, 𝜏2) and from a geometrical point of view [191].  
With regards to diffusion phenomena in porous media, tortuosity can be 
described as the resistance to diffusion as a result of the twistedness of the pore 
network, and can be related to an effective diffusion parameter as shown in Equation 
(3.2), where 𝜀 represents porosity and 𝐷𝑒𝑓𝑓 and 𝐷 are the effective and intrinsic 
diffusivities, respectively. 
 𝐷𝑒𝑓𝑓 = 𝐷
𝜀
𝜏2
 (3.2) 
Geometrically, tortuosity can be calculated using a definition provided by Shen 
[192] as the ratio of the effective length of a curve (𝐿𝑒) to the length of the straight line 
between the curve’s end points (𝐿), i.e.  
 𝜏 =  
𝐿𝑒
𝐿
 (3.3) 
Throughout this thesis, the geometrical definition of tortuosity is employed. 
Tortuosity calculations were performed in 3D on the electrode pore phase, along the x, 
y and z axis directions. Tortuosities were calculated based on an approach presented 
by Jørgensen et al. [193] which involves distance map propagation. As demonstrated in 
Figure 3.12, a fast marching algorithm [194] is applied to the segmented image to 
generate a geodesic distance map of the propagating front which begins from a 
specified source point or starting boundary. After the distance map is created, the 
lengths of the shortest paths are then obtained from the end plane pixels/voxels. The 
reader can find more information about using the fast marching method to create 
distance distribution maps in Jørgensen et al. [193]. The tortuosity calculations were 
implemented using MATLAB. 
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Figure 3.12. (a) A sample 2D binary pore network. White pixels denote the pore network. (b) 
Geodesic distance map image calculated using the fast marching algorithm. Distance values 
outside the pore network were assigned a value of zero to increase the contrast between the 
pore network and the surroundings.    
3.6.4 Pore size 
From a geometrical point of view, the pore radius for any section of the pore 
path in the network can be defined as the radius of the largest sphere that can be 
locally inscribed into that section of the network [193]. For the 3D pore size 
quantification, a pore radius distribution is usually extracted from the porous volume, 
from which a mean pore size can be calculated. Various methods exist for extracting 
pore radius distributions from 3D image volumes; however, in this work, we 
implement and compare these four methods: 
 
(1) Medial axis based method using fast marching (MA-FM): This method 
first extracts the medial axis (or skeleton) of the pore network by performing a 
skeletonization on the 3D pore image with the aid of an interfacial distance map 
generated using a multi-stencil fast-marching algorithm [195], and then takes the pore 
radius values assigned by the distance map to every point along the resulting 
topological skeleton as the distance to the nearest pore phase boundary. For pore 
radius quantifications on the 3D datasets using this approach in this work, a MATLAB 
algorithm was implemented that incorporated open-source MATLAB m-files for 
performing general multi-stencil, second-order fast marching calculations [196].     
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Figure 3.13.(a) A sample 2D binary pore network. White pixels denote the pore network.(b) 
The interfacial distance map calculated by the multi-stencil fast marching algorithm, with the 
resulting medial axis (black line) from a topological skeletonization sequence. 
 
(2) Medial axis-based method using distance-ordered homotopic thinning 
(DOHT): This method [197] also calculates pore radius as the distance from the nearest 
pore phase boundary to the pore skeleton, but performs the skeletonization by 
combining morphological thinning and distance map based techniques. First, a 
chamfer distance map of the 3D pore network is computed, which contains the 
shortest distance of each point in the pore space to the pore phase boundary, and 
then the resulting distance map is used to guide a morphological thinning algorithm. 
This approach was implemented using the Avizo software’s ‘Auto-Skeleton’ module. 
 
Figure 3.14. (a) A sample 2D binary pore network. White pixels denote the pore network. (b) 
Interfacial distance map computed by the Avizo ‘Auto-Skeleton’ module using a chamfer 
distance transform. (c) Resulting medial axis after morphological thinning guided by the 
chamfer distance map.  
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(3) Successive morphological opening method (SMO): This method 
repeatedly applies the morphological opening operator on the 3D pore space with 
spherical structuring elements (SEs) of increasing radius [198–200]. Here, the 
operation of “opening” is a mathematical morphological operation which refers to the 
process of first eroding, and then dilating an image using a SE. Hence, if a spherical SE 
of 1 pixel radius is used to ‘open’ the 3D pore image, the resulting image will only have 
pores larger than 1 pixel in radius. In this method, the opening operation is repeated 
with increasing SE size until there are no more pores existing in the 3D pore volume. 
For each opening operation, the accumulated volume fraction of pores larger than a 
certain SE of radius r can be calculated as: 
 𝜐(𝑟) = 1 −
𝛽(𝑟) 
𝛽 
 (3.4) 
where 𝛽 is the sum of the pore phase voxels in the initial 3D volume, 𝛽(𝑟) is the sum 
of pore phase voxels in the 3D volume after the morphological opening operation with 
a SE of radius r . 
 
Figure 3.15. Pore size calculations using successive morphological opening. Effect of opening 
with circular SE of radius (a) 7 pixels, (b) 20 pixels, and (c) 40 pixels. 
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From this, the volume fraction of pores with a certain radius can be obtained by the 
difference of two successively accumulated volume fractions. The pore radius obtained 
using this method is called equivalent radius and it is equivalent to the radius of the 
maximal inscribed sphere in the pore. In this work, a bespoke MATLAB algorithm which 
utilized the MATLAB morphological operator function ‘imopen’ was created to 
implement the SMO approach on 3D datasets. 
 
(4) Continuous pore size distribution method (CPSD): The ‘continuous pore 
size distribution’ method [201] is based on an algorithm which measures the pore 
volume that can be covered with a sphere of given radius. This algorithm can also be 
seen to represent, in this sense, the simulation of a pressure–induced intrusion with a 
poorly wetting fluid (e.g. mercury intrusion). Here, a continuous pore size distribution 
is obtained by incrementally reducing the radius and thereby filling a larger volume: by 
decreasing the radius, more constricted areas such as pore bottle-necks and narrow 
corners can be intruded. A cumulative PSD is obtained as a result by relating the 
incrementally filled volume with corresponding radii, which can then be normalized. 
Here, pore size calculations using the CPSD approach were performed on 3D datasets 
with the aid of an open-source pore size distribution algorithm implemented as a 
plugin in ImageJ software [201].     
 
Figure 3.16. (a) A sample 2D binary pore network. White pixels denote the pore network. (b) 
Resulting pore size distribution image from the ‘continuous PSD’ simulation which measures 
the pore volume that can be occupied by a sphere of a given radius. By incrementally reducing 
the radius, increasingly larger areas of the pore network can be occupied.  
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3.6.5 Digital Volume Correlation 
Digital volume correlation (DVC) is a 3D extension of the 2D digital image 
correlation (DIC) technique [202,203] which involves the measurement of in-plane 
displacement and strain fields of small regions of image pixels in two-dimensions. DVC 
involves tracking 3D changes in microstructural features between two consecutive 
volumetric images, typically acquired with X-ray micro-CT, and can provide full 
continuum-level displacement and strain field measurements in the process. Originally 
proposed by Bay et al. [204] in 1999 for strain calculations in trabecular bone tissue 
under compressive load, the technique has since found extensive application in the 
analysis of strain in a variety of materials [165], including the microstructure in lithium-
ion batteries [175,205]. 
DVC analysis was carried out in this work using the Python-based software, 
‘TomoWarp2’, which was developed between Universities of Lund and Grenoble and 
builds on the previously developed code, ‘TomoWarp’ by Hall et al. [206–208]. 
The procedure for DVC generally entails three main steps:  
(1)  Acquisition of 3D volume images of the sample in its initial and deformed states 
using X-ray micro-CT, and then digitally reading the volume images into the DVC 
program.   
(2)  Measurement of a 3D discrete displacement vector field of distinct patterns or 
voxels throughout the sample by a correlation procedure. Here, a regular 3D grid of 
discrete measurement points or ‘nodes’ is defined evenly throughout the CT volume, 
and a 3D image sub-set or ‘correlation window’ of user-defined size is centred about 
each node for the correlation analysis. The displacement for each node is determined 
by searching for the 3D translation vector, v, (Figure 3.17) that maximizes the cross-
correlation of the gray-level data with the correlation window in the initial, un-
deformed image and the translated correlation window in the deformed image. This 
initial displacement measurement provides an integer/voxel-level estimate of the 
displacement, and is used as an initial guess in sub-voxel displacement calculations. 
Sub-voxel resolved translation vectors are then determined based on the maximum of 
the interpolated correlation coefficient for a range of displacements around the initial 
integer value.    
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(3)  Calculation of the strain tensor field based on the gradient of the computed 
displacement vector field over a [user-defined number]-point cubic element of 
neighbouring nodes.  
 
Figure 3.17. DVC correlation process showing the segmentation of a volume image into 
correlation windows (sub-volumes), followed by an example of a single sub-volume being 
correlated between the initial and deformed volume image, with the assignment of a 
displacement vector (v) corresponding to the region of highest correlation. 
 As shown in Figure 3.17, a 3D sub-volume (correlation window) containing a 
locally discrete pattern or group of voxels and centred at a point of measurement is 
defined in the initial (reference) volume image. The sub-volume, f(x,y,z) is defined by a 
set of coordinates centred at the point of measurement (origin). The equivalent sub-
volume, g(x+i, y+j, z+k), is found in the deformed volume image, and a translation 
vector (v) is estimated to quantify sub-volume displacement. A shape function is 
typically assigned at this step, which allows for some deformation of the initial sub-
volume while searching for a high correlation. The degree of match between the grey-
level values of each voxel within f and the values within the corresponding voxels of g 
is defined by an appropriate correlation coefficient (CC), such as the sum of squares 
correlation or the cross-correlation coefficient [204,209]. An iterative process such as 
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the Levenberg-Marquardt or the Newton-Rhapson methods is employed for 
maximization of the CC and extraction of best-fit parameters for the volume 
correlation procedure. Translation is the main affine transformation of interest that is 
encompassed by the shape function, as it provides the displacement measurements 
required for subsequent strain calculations [204,210]. Other affine transformations 
include rotation, normal strain and shear strain. For more detail on the technique, the 
reader is referred to Bay et al [204] and Sutton et al. [202]. 
3.7 Electrochemical cell development for X-ray CT imaging 
experiments 
The desire to understand how the structures of electrode materials affect the 
overall performance of batteries and the complex nature of lithium insertion reactions 
stimulated the undertaking of in-situ studies. Most of the microstructural studies on 
LIBs using X-ray tomographic imaging have been carried out ex-situ, which has usually 
involved either harvesting a small quantity of electrode material from (a) a freshly 
prepared electrode laminate, or (b) from a disassembled battery whilst avoiding any 
oxygen or water exposure or accidental battery short-circuiting, and then rinsing the 
harvested quantity with organic solvents to remove any traces of electrolyte salts. This 
approach, however, eliminates any chances of properly visualizing transient, real-time 
changes in the electrode material structure resulting from battery operation. In-situ 
and in-operando investigations involving the use of an electrochemical cell can help 
provide more accurate insight into electrochemical processes as well as degradation 
mechanisms that occur during LIB operation than conventional ex-situ methods that 
require cell disassembly. 
Designing a stable electrochemical cell for in-situ X-ray tomographic imaging 
and 3D microstructural evolution studies during battery operation and repeated 
battery cycling is not trivial.  One major challenge with this technique is that batteries 
are often encased in materials having high X-ray attenuation, and this can prevent 
adequate exposure of battery electrodes/innards to the X-rays. Macro-scale and cell 
level operando X-ray CT investigations have only recently been conducted using 
commercial Li batteries [179,205]. However, for higher resolution CT imaging studies 
on battery electrodes down to the particle level, using commercial cells is currently 
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very challenging. This challenge has spurred the design of bespoke electrochemical 
cells/batteries with X-ray transparent packaging/windows which facilitate high X-ray 
penetration through the sample of interest whilst keeping the cell operational. These 
cells are often modifications of standard electrochemical cell types used in laboratory 
research. 
In this section, the design and development of an in-situ electrochemical cell 
suitable for examining the 3D microstructural evolution of LIB electrodes using X-ray 
tomographic imaging is discussed. Two in-situ cell designs, based on the coin cell-type 
and Swagelok-type cell geometries, were explored.    
3.7.1 In-situ coin cell design  
In order to conduct 3D X-ray imaging experiments during battery operation, the 
author initially worked with an in-situ battery cell design made by modifying standard 
2032–type coin cell hardware. A diagrammatic representation of the modified cell 
design is shown in Figure 3.18(b).   
 
Figure 3.18. (a) Assembled in-situ coin cell designed for initial X-ray CT experiments. (b) 
Exploded view of the in-situ coin cell. 
Previously reported in-situ coin cell designs have been used in real-time X-ray 
studies such as diffraction [211–213], absorption spectroscopy studies [214–216] and 
transmission X-ray microscopy [217–219]. However, these coin cell designs usually only 
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required a small aperture of a few millimetres wide to be made on one side (for 
experiments operating in reflection mode) or on both sides (for experiments operating 
in transmission mode) of the cell, which were sealed off with X-ray transparent 
materials (such as Kapton film or beryllium plates). Also, these small apertures could 
only accommodate small angular movements of the sample performed during the 
experiments without obstructing the path of the X-ray beam incident on the sample, 
thus limiting their application to X-ray CT experiments which require higher angular 
rotation of the sample about its long axis.  
In the coin cell design presented in Figure 3.18, a 16 mm wide × 3 mm high 
letterbox-shaped aperture and a centered 6mm diameter circular hole were drilled 
into the can, cap and spacer components for 2032 type coin cells. Rectangular strips 
(ca. 19 mm × 5.5 mm) of 50 µm thick adhesive Kapton tape (Tesa, UK) were cut out 
and applied on both the inside and outside surfaces of the coin cell cap and can 
components to create an X-ray transparent window. Epoxy adhesive (Araldite, 
Germany) was then applied over the edges of the outside-surface Kapton strips, as 
shown in Figure 3.18(a), to create a hermetic seal around both windows. The circular 
hole in the centre of the cell hardware was designed to aid in sample alignment during 
tomography scans, while the letterbox shaped portion of the X-ray window was 
designed to provide a large enough angular rotation range during the tomographic 
scans whilst maintaining the coin cell’s mechanical stability - this window design meant 
tomographic scans performed with the cell would be limited angle scans rather than 
full tomographic scans that acquire data through complete 180° or 360° sample 
rotation. During coin cell assembly, the X-ray windows on the cell casings and spacer 
components were carefully aligned in order to avoid beam attenuation by the dense 
metal components, ensuring a clear ‘line-of-sight’ for the X-ray beam being 
transmitted through the electrode material. 
The suitability of this X-ray windowed 2032 coin cell design for tomographic 
imaging, prior to any in-situ and operando experiments during cell operation, was 
tested using synchrotron X-ray micro-tomography at the imaging branch of the I13 
beamline at the Diamond Light Source, UK. Commercially obtained lithium manganese 
oxide (LMO) electrode laminates (MTI Corp., USA) were cut, dried and assembled 
within the in-situ coin cell. The cells were also assembled with a Celgard polypropylene 
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separator (25 µm thick), metallic Li foil as counter electrode, and electrolyte containing 
1M LiPF6 in EC: EMC (3:7 v/v).  
 
Figure 3.19. In-situ coin cell sample mounted for synchrotron X-ray CT 
Figure 3.19 shows how the in-situ coin cell was mounted on the beamline 
sample stage and positioned before the X-ray microscope objective prior to the CT 
imaging test. The coin cells samples for imaging were placed on a high-precision 
rotating sample stage.  
With the i13 beamline set in absorption-contrast imaging mode and in a 
parallel beam configuration at 16 keV, an interior CT scan of a LMO electrode sample 
assembled within the in-situ coin cell was performed through the Kapton window. The 
incident X-rays were monochromatized by a water-cooled double crystal Si <111> 
monochromator. At a sample–scintillator distance of 25 mm, an average useful 
rotation range of 147° was achieved with the X-ray (letter-box) window design. 
Projection images were acquired as the sample was rotated about its long axis through 
angular steps of 0.1°, with a 6 s X-ray exposure time for each projection image. X-rays 
transmitted or refracted through the sample were captured by a 9.6 µm thick GGG:Eu 
scintillator screen positioned in front of the microscope objective lens (10x) and 
converted to visible light that was focused onto a pco4000 camera with a CCD chip of 
2k x 2k pixels and an effective pixel size of 0.365 µm. Tomographic reconstructions 
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were based on a standard filtered back projection (FBP) algorithm combined [220]. 
Cross–sectional views through the resulting tomogram are presented in Figure 3.20. 
 
Figure 3.20. (a) Vertical and (b) horizontal cross sections through a tomogram of the LMO 
electrode taken through an assembled in-situ coin cell. The red arrows highlight the blurring 
artefacts resulting from the interior tomography scan. 
With the exception of the edge blurring artefacts which often occur in limited 
angle CT scans, the image quality of the resulting tomograms of the LMO composite 
electrode was comparable to that obtained from ex-situ X-ray tomography scans (e.g. 
Figure 4.2c). Such blurring artefacts could be resolved with advanced iterative 
reconstruction algorithms [221,222]. 
The next step was testing whether the cycling performance and durability of 
Kapton-window coin cell was identical to that of the standard coin cell counterpart; in 
other words, to test the stability and hermeticity of the Kapton X-ray window design 
during cell cycling under atmospheric conditions. Performance durability tests were 
done with the windowed coin cells assembled with metallic lithium as counter 
electrode and graphite (electrode laminate, MTI Corp., USA) as the working electrode. 
Using the CC-CV charge cycling protocol at room temperature, cells were set up to 
cycle once at a C-rate of 0.05C (formation cycle) followed by multiple cycles at a C-rate 
of 0.1C. As a control experiment, some of the assembled windowed coin cells were not 
cycled but kept under atmospheric conditions.  
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Figure 3.21. Optical images showing the appearance of the metallic lithium anode surface 
through X-ray window (a) immediately after coin cell assembly, (b) after 40 hours of charge 
cycling, and (c) after cell failure (> 60 hours from cell assembly). (d) The cell cycling 
performance declines over time up until cell failure. Red arrows highlight the presence of a 
white powder-like growth on the lithium metal electrode surface. Red-dotted line marks the 
time when the optical image in (c) was taken. 
All in-situ cell samples which were set up for charge cycling displayed 
electrochemical behaviour similar to that of their standard coin cell counterparts up 
until ca. 40 hours of operation after which they experienced a significant decline in 
performance and eventual failure in the form of a large drop in cell potential down to 
negative values, as shown on the voltage versus time plot in Figure 3.21(d).  
Also, the shiny, silvery surface of the lithium metal electrode which can be seen 
through the Kapton X-ray window of the cell [Figure 3.21(a)] gradually becomes 
tarnished over time. This was followed by the appearance and gradual growth of 
white, powder-like deposits (Figure 3.21b, highlighted by red arrow) on the surface of 
the Li metal, and with time, the lithium metal foil surface was completely transformed 
into the powder-like substance. In addition, significant gas accumulation displayed in 
the form of an outward bulge of the Kapton window was observed on the anode (Li) 
side of the coin cell, indicating an increase in cell pressure. 
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Post-mortem analysis on the internal structure of the failed in-situ coin cells 
was conducted in order to further investigate the cell failure. X-ray micro-CT of failed 
in-situ coin cells was performed using a Nikon XTH 225 ST laboratory X-ray microscope. 
Figure 3.22 shows reconstructed tomogram cross sections displaying the internal 
structure and assembly of a failed cycled in-situ coin cell.  
 
Figure 3.22. (a) Vertical cross section and (b) horizontal cross section through one of the failed 
cycled in-situ coin cell in Figure 3.21(c).  
The imaging resolution and contrast was insufficient to confirm the presence of 
metallic Li which inherently has a low X-ray attenuation; however, the white powder-
like surface growth was captured and is seen to have significantly spread within the 
cell housing.  
Samples of the powder-like growth were carefully extracted from the failed cell 
and characterised using energy-dispersive X-ray spectroscopy (EDS) and Raman 
spectroscopy in order to obtain an idea of its chemical composition. The EDS spectra 
[Figure 3.23(a)] of the powder particles [shown in the inset SEM micrograph in Figure 
3.23(a)] shows the presence of C and O elemental peaks, and a large low-Z peak on the 
left of the spectra which appears to be indicative of Li. However, the Raman spectra 
showed a sharp peak at 1088 cm-1 and smaller peaks 1458, 748 and 712 cm−1; these 
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peaks were found to be characteristic of the Raman spectrum of lithium carbonate, 
Li2CO3 [223].  
 
Figure 3.23. (a) EDS spectra and (b) Raman spectra of the white powder-like surface growth on 
the Li metal surface. Inset in (a): SEM micrograph of the powder particles.  
It is suspected that the powder-like growth across the Li metal surface is 
associated with air contamination through the Kapton window seal of the cell upon 
introducing the sealed cell to atmospheric conditions from the argon environment in 
which it was assembled.  
Because of their high reactivity with oxygen and water/moisture, both LiPF6–
based electrolytes and metallic lithium electrodes have to be kept under airtight 
conditions when used in lithium-ion cells, as the presence of water impurities in LIBs 
has negative effects on battery performance. Based on numerous research studies, 
Aurbach et al. [142] summarized a list of possible reactions that occur on Li surfaces in 
electrolytes solutions containing EC and DMC with the presence of water 
contaminants: 
 
2𝐸𝐶 + 2𝑒− + 2𝐿𝑖+ → (𝐶𝐻2𝑂𝐶𝑂2𝐿𝑖)2 ↓  + 𝐶𝐻2 = 𝐶𝐻2 ↑ 
𝐸𝐶 +  2𝑒− + 2𝐿𝑖+ →  𝐿𝑖𝐶𝐻2𝐶𝐻2𝑂𝐶𝑂2𝐿𝑖 ↓ 
𝐷𝑀𝐶 + 𝑒− + 2𝐿𝑖+ → 𝐶𝐻3 • + 𝐶𝐻2𝐶𝐻2𝑂𝐶𝑂2𝐿𝑖 ↓ 𝑎𝑛𝑑/𝑜𝑟 𝐶𝐻3𝑂𝐿𝑖 ↓ + 𝐶𝐻3𝑂𝐶𝑂 • 
𝑻𝒓𝒂𝒄𝒆 𝑯𝟐𝑶 + 𝑒
− + 2𝐿𝑖+ →  𝐿𝑖𝑂𝐻 ↓ + 1 2⁄  𝐻2 ↑ 
𝐿𝑖𝑂𝐻 + 𝑒− + 2𝐿𝑖+ → 𝐿𝑖2𝑂 ↓ +
1
2⁄  𝐻2 ↑ 
𝑯𝟐𝑶 + (𝐶𝐻2𝑂𝐶𝑂2𝐿𝑖)2  → 𝐿𝑖2𝐶𝑂3 + 𝐶𝑂2 +  (𝐶𝐻2𝑂𝐻)2 
2𝐶𝑂2 + 2𝑒
− + 2𝐿𝑖+ →  𝐿𝑖2𝐶𝑂3 ↓ +𝐶𝑂 ↑ 
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Based on these reactions, it follows that water can react with the organic 
electrolyte solvents, causing pressure generation (due to contaminant gas formation), 
consumption of active materials (Li metal), as well as a decrease in the electrolyte 
concentration within the cells. From the reaction list, it is likely that the analysed 
surface growth also contained lithium alkyl carbonates, besides lithium carbonate. 
These reaction products possess no ion conductivity [224] and continued depletion of 
metallic Li in the cells towards lithium carbonate and lithium alkyl carbonates as well 
as electrolyte reaction and evaporation under atmospheric conditions are likely to 
have led to the failure of the cells. No further characterisation of the powder surface 
growth was performed in this work, as this was not the focus of the PhD project. 
The powder-like surface growth also appeared in the control cells, eliminating 
any degradation effects due to initial electrochemical testing but thus questioning the 
effectiveness of the Kapton tape used in providing a hermetic window seal. Aluminized 
mylar windows were also tested in place of ordinary Kapton as the X-ray transparent 
window for the in-situ cell but this yielded similar result to the ordinary Kapton 
windows. These findings demonstrate that introducing the openings on the housing of 
coin cell-type cells for X-ray beam penetration can create an avenue for possible 
atmospheric contamination if the openings are not hermetically sealed. 
It is noteworthy that previous diffraction and spectroscopy experiments that 
used in-situ coin cells were modified with much smaller windows or were kept in an 
inert chamber for the duration of the in-situ or operando experiment, so the chance of 
moisture or air contamination in such cases was relatively minimal. Moreover, long-
term cell cycle longevity was often less important with such cell designs.   
Although the X-ray window design of the coin cell implemented in this work 
appears to accommodate in-situ X-ray tomographic imaging, the cell’s electrochemical 
performance and durability for relatively long term experiments needs to be 
significantly improved through cell re-design before it can be considered for use in 
operando X-ray studies. 
3.7.2 In-situ Swagelok cell design  
Due to the shortcomings experienced with the in-situ coin cell discussed in the 
previous section, an alternative in-situ cell design based on the Swagelok-type cell 
geometry was also explored.  
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By modifying perflouroralkoxy (PFA) type Swagelok tube fittings with an inner 
diameter of 0.125 inch (PFA-220-6, Swagelok, USA), custom-built X-ray transparent 
electrochemical cells were designed and assembled as shown in Figure 3.24. The 
polymeric-type Swagelok tube fitting was chosen because of the low X-ray absorption 
coefficient of polymers, as well as the excellent hermetic sealing provided by the 
commercial tube fitting. Moreover, this cylinder-like cell design provides an 
unobstructed view of the electrode of interest for X-rays through a complete 180° or 
360° sample rotation [176].  
Stainless steel (SS) rods with 0.125 inch (ca. 3.2 mm) diameter were used as 
current collectors for both electrodes; the rods were cut and both end surfaces were 
flattened and narrowed using a lathe cutting tool to enable a tight fit into the tube 
fitting. The cell electrode assembly is positioned in the centre of the union piece of the 
tube fitting between two machined stainless steel current collectors. In order to 
improve the X-ray transmission through the cell electrode assembly within the tube 
fitting, a groove was made with a lathe cutting tool around the centre circumference of 
the union piece hex, as shown in Figure 3.24 (a) and (b), leaving a 1.5 mm side wall 
thickness. 
 
Figure 3.24. (a) Schematic diagram and (b) Optical image of the modified PFA Swagelok cell. (c) 
Optical image and (d) low resolution scanning electron micrograph of an electrode coating on 
the tip of a SS current collecting rod. 
For the cell assembly process, the separator and Li metal counter electrode 
were cut into small discs using 0.125 inch diameter hole-punches, while the counter 
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electrode was dip-coated onto the tip of one of the current collecting rod, as shown in 
the image and scanning electron micrograph in Figure 3.24 (c) and (d) respectively. 
 
Figure 3.25. (a) Optical image of in-situ cell sample mounted for laboratory X-ray CT. (b) 
Vertical cross section through an X-ray tomogram of the Swagelok cell showing the half-cell 
assembly.  
To test the cycling stability and durability of the in-situ Swagelok design, the 
modified Swagelok cells were assembled with a graphite electrode coating, a 
borosilicate glass fibre separator, a Li metal electrode and filled with liquid electrolyte 
(1M LiPF6 in ethylene carbonate : ethyl methyl carbonate, in the ratio 3:7 by volume). 
A quality inspection of the assembled components within the Swagelok half-cell was 
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performed using laboratory X-ray micro-CT (ZEISS Xradia Versa 520) and an X-ray 
tomogram ortho-slice of the assembly shown in Figure 3.25. 
 
 
Figure 3.26 (a) Voltage vs. time profile and (b) Cycle performance of the assembled graphite/Li 
in-situ Swagelok cell at a C/14 C-rate.  
The cycle performance of the in-situ Swagelok cell was then tested: graphite/ Li 
half-cells were setup for charge cycling on the Maccor 4300 series battery cycler at a 
C/14 rate between 0.005 V – 1 V for 12 cycles. Figure 3.26 shows the cycle 
performance of one of the tested graphite/Li Swagelok cells. The cells showed good 
durability and cycle repeatability after testing, and showed no signs of leakage around 
joints. 
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With the significant stability of the in-situ electrochemical cell design, the 
author went forward to conduct in-situ and operando X-ray CT experiments, which are 
reported in Chapters 5 and 6. 
3.8 Summary 
The experimental methods and techniques used the microstructural 
investigations reported later on in this thesis were introduced in this chapter. Sample 
preparation procedures, material characterisation and digital image analysis 
techniques used in the work were presented. Also, the design and development of an 
in-situ electrochemical cell used in later chapters to facilitate the study of 3D 
microstructural evolution in LIB electrodes using X-ray tomographic imaging was 
discussed. 
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Chapter 4 
4 Comparison of 3D Analysis and Stereological Techniques 
for Quantifying LIB Electrode Microstructures 
Material in this chapter is reproduced in part with permission from 
“Comparison of three-dimensional analysis and stereological techniques for 
quantifying lithium-ion battery electrode microstructures”, O. O. Taiwo, D. P. Finegan, 
D. S. Eastwood, J. L. Fife, L. D. Brown, J. A. Darr, P. D. Lee, D. J. L. Brett, and P. R. 
Shearing, Journal of Microscopy, vol. 263, no. 3, pp. 280–292, Copyright (2016) John 
Wiley & Sons. 
 
4.1 Introduction 
A quantitative understanding of microstructure and transport pathways within 
lithium-ion battery electrodes is crucial for improving their design, manufacture, 
performance and durability. To this end, characterisation techniques for revealing all 
relevant, detailed microstructural morphology and for assessing quantitative 
geometric parameters are essential.  
Three-dimensional microstructures can be quantitatively characterised using 
two principal approaches: the first is by stereological methods [225–228], which take 
measurements from planar 2D image slices through a sample material (typically 
obtained using two-dimensional cross sectional microscopy), and extrapolating the 
results to the geometric parameters of the 3D structure using statistical approaches 
and image analysis. The second approach is by direct viewing and measurement of 3D 
datasets obtained by tomographic imaging of the material of interest or serial 
sectioning techniques. X-ray tomography and FIB-SEM tomography are the most 
commonly applied imaging techniques for obtaining complete microstructural models 
of lithium-ion battery electrodes [24].  
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Although stereological procedures require significantly less experimental and 
computational effort, microstructural investigations using these methods are often 
inconclusive, particularly when attempting to characterise structural quantities that 
rely on phase connectivity in 3D. In contrast, 3D microstructural analysis from 
tomographic imaging can be time consuming and may require access to advanced 
tomography equipment. 
This chapter will examine and compare both stereological prediction and 3D 
analysis techniques for quantitative measurements of key geometric parameters that 
characterise lithium-ion battery electrode microstructures. In this work, lithium-ion 
battery electrode samples were imaged using synchrotron-based X-ray CT, and for 
each electrode sample investigated, stereological analysis was performed on 
reconstructed 2D image slices extracted from tomographic imaging whereas direct 3D 
analysis was performed on reconstructed image volumes. 
4.2 Materials and Methods 
4.2.1 X-ray CT and image analysis 
Three commercially-sourced lithium-ion battery electrodes laminates: lithium 
cobalt oxide (LCO), lithium manganese oxide (LMO) and graphite (all procured from 
MTI Corporation, USA) were imaged using synchrotron X-ray CT at the TOMCAT 
beamline of the Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland) [229]. 
Small sections of the electrode laminates were cut to a size which fit into the user-
defined field of view, set to 1.6 × 1.4 mm2 for this experiment. A parallel 
monochromatic beam was used in absorption contrast imaging mode, with the beam 
energy set to 10.5 keV for the graphite electrode and 18 keV for both LCO and LMO 
materials. For each tomographic scan, 1501 projections were acquired during a 180° 
rotation of the sample about its long axis, through angular steps of 0.12° with an 
exposure time of 200 ms for each projection image. The X-rays illuminated a 20-μm-
thick LuAG:Ce scintillator, producing visible light which was focused onto a pco.Edge 
camera, providing an effective pixel size of 0.65 μm. Tomographic reconstruction of 
the acquired projection images was performed using the gridrec algorithm [230] after 
application of flat- and dark-field corrections to account for non-uniformity in the 
Comparison of 3D Analysis and Stereological Techniques for Quantifying LIB Electrode 
Microstructures 
 
69 
 
incident beam and detector response, respectively. Table 4.1 is a summary of the 
parameters used to image the different samples. 
 
Table 4.1. Tomography acquisition parameters for each sample 
Scan parameters LCO LMO Graphite 
Beam energy (keV) 18 18 10.5 
Number of projections 1501 
Radiograph exposure time (ms) 200 
Rotation range (°) [0, 180] 
Effective voxel size (nm3) 650 × 650 × 650 
 
Image pre-processing and volume rendering of the resulting reconstructed 
volumes was carried out using the Avizo software package. For each acquired 
tomographic volume (consisting of a stacked sequence of 2D greyscale images), a 
region-of-interest (ROI) was extracted for subsequent analysis. After ROI extraction, a 
non-local means smoothing filter was applied to the greyscale image sequences for 
image smoothing and de-noising, followed by threshold-based segmentation which 
utilizes the greyscale histogram of the tomographic images to separate out the solid 
phase from the pore phase, creating a binary image.  
4.2.2 Microstructural parameters 
In order to compare stereological and direct 3D quantification procedures, 
some common geometric parameters were analysed, namely: pore volume fraction, 
volume-specific surface area, geometric tortuosity and pore radius. Stereological or 2D-
based predictions of 3D microstructural parameters are usually obtained by 
performing quantitative image analysis on 2D image sections—this could be done 
using a single 2D cross-sectional image slice or a statistical sampling of a few image 
slices. In this work, however, we perform stereological analysis on each 2D cross-
sectional slice from each of the tomographic image sequences; thus, for each 
calculated parameter, a slice-wise distribution across the sample volume is generated 
over which an average is taken. Moreover, all stereological calculations for this work 
were algorithmically implemented into MATLAB. For each measured microstructural 
parameter, MATLAB algorithms which incorporated the necessary stereological 
relationships were created and run on the image datasets. 
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With direct 3D quantification, microstructural parameters were extracted from 
the tomographic image volume. In this approach, image sections can be read into a 
computer as a 3D volume using digital image analysis (as a matrix of volume pixels or 
voxels). The approaches used to calculate the aforementioned microstructural 
parameters both stereologically and in 3D are discussed below.  
 
(i) Pore volume fraction (Φ): As previously, discussed in Section 3.6.1, this is the 
volume fraction of the pore phase with respect to the total volume of sample porous 
material being analysed. Pore volume fraction can be predicted stereologically using 
Delesse’s principle [226,227] which estimates the volume fraction of a 
component/phase of interest within a 3D object from the area fraction of that 
component within a 2D cross-section through that object (𝐴𝐴), that is, Φ =  𝐴𝐴. Area 
fraction calculations were performed on each 2D cross-sectional slice generated from 
the tomography image sequences using a pixel counting approach as the ratio of the 
total number of pixels in the pore phase to the total number of pixels in the analysed 
image slice. Pore volume fraction was calculated directly from the tomographic image 
volumes, using a voxel counting approach, as the fraction of cubic voxels that make up 
the pore phase within the analysed 3D volume of interest. 
 
(ii) Volume-specific surface area (𝑆𝑉): For a given interface or phase boundary 
within an imaged sample volume, 𝑆𝑉 can be defined as the ratio of the total surface 
area of that interface type in the sample to the sample volume. 𝑆𝑉 for the solid 
phase/porosity in the lithium-ion battery electrode samples was predicted using a 
stereological approach which requires the measurement of 𝐿𝐴, the perimeter length of 
the total phase boundary observed within the given 2D cross-section per unit area of 
the image cross-section [226–228], that is, 
 𝑆𝑉 =
4
𝜋
(𝐿𝐴) (4.1) 
The variable 𝑆𝑉 was directly quantified in 3D as the ratio of the total 3D surface 
area of the sample solid phase/porosity interface to the total analysed sample volume. 
The surface area of the solid phase/porosity interface was calculated as the area of a 
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triangular surface mesh approximation of the solid phase/porosity interface, which is 
discussed in Section 3.6.2.  
 
(iii) Geometric tortuosity (𝜏): Geometrically, 𝜏 can be defined in 2D using the arc-
chord ratio which is the ratio of the effective length of a curve (𝐿𝑒) to the length of the 
straight line between the curve’s end points (𝐿), as is stated in Equation (3.3). 
However, extending this 2D definition to branching 3D networks, 𝜏 can be extracted 
between a source plane and a destination plane within a porous volume, and defined 
for each location x on the destination plane (i.e. in the x, y or z directions) where it 
intersects with the 3D network: 
 𝜏(x) =
𝐿𝑒(x)
𝐿(x)
 (4.2) 
where 𝐿𝑒(x) represents the shortest path length through the selected phase from the 
source plane to the location x and 𝐿(x) represents the shortest path through any 
phase in the sample volume from the source to destination planes. With each of the 
examined 3D volumes, 𝜏 for the pore phase was calculated along the x, y and z axes. 
Here, the tortuosities were calculated based on an approach presented by 
Jørgensen et al. [193] which involves distance map propagation and source 
backtracking from a propagation front with the aid of a fast marching algorithm. A 
brief description of the method is given in Section 3.6.3. 
(iv) Pore radius (𝜎): Within 3D porous media, the pore size distribution is usually 
characterised by a mean pore size. Stereologically, such media can be characterised by 
a mean pore size that is not derived from a pore size distribution but from using the 
concept of mean intercept length [227]. From this, the stereologically predicted mean 
pore radius (𝜎2𝐷) can be defined by the following relation: 
 𝜎2𝐷 =
2Φ 
𝑆𝑉 
 (4.3) 
where Φ and 𝑆𝑉 are the volume fraction and volume specific surface area of the pore 
phase, respectively. From a geometrical point of view, the pore radius for any section 
of the pore path in the network can be defined as the radius of the largest sphere that 
can be locally inscribed into that section of the network [193].  
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For the 3D pore size quantification, the mean pore radius is calculated by taking 
the average of a generated pore radius distribution and various methods exist for 
extracting pore radius distributions from 3D image volumes. However, in this work, 3D 
pore size was geometrically characterised and compared using the following four 
methods: medial axis based method using fast marching (MA-FM), medial axis-based 
method using distance-ordered homotopic thinning (DOHT), successive morphological 
opening method (SMO), and continuous pore size distribution method (CPSD). A brief 
explanation of how each of these 3D pore size calculations were implemented for this 
work can be found in Section 3.6.4. 
4.2.3 Representative volume element analysis 
To allow ease of manipulation for the direct 3D parameter quantification, the 
largest possible cuboid volume was cropped from each tomographic dataset (Table 
4.2); however to ensure that these cropped electrode volumes were large enough to 
be representative of the macroscopic properties of the respective bulk electrode 
volumes, representative volume element (RVE) analysis was performed. The RVE is 
usually regarded as a volume of heterogeneous material which effectively includes a 
sampling of all microstructural heterogeneities present and is sufficiently large to be 
statistically representative for the entire structure. Further, the size of the RVE also 
depends on the investigated morphological or physical properties [231]. In practice, 
the RVE can be estimated deterministically by performing a systematic analysis of the 
influence of volume size on the overall geometric or physical properties of interest 
[232,233], with the minimum RVE given by the size of the volume for which the 
fluctuations in the effective property become insignificant, seen as a distinct plateau 
[i.e. the onset of region II in Figure 4.1(a)]. However, for real heterogeneous systems, 
the presence of region II may be difficult to delineate with confidence due to spatial 
variability [234,235].  
Table 4.2. Volume dimensions of the analysed electrode samples 
Electrode sample 
Analysed volume dimensions 
X × Y × Z voxel3 (µm3) 
LCO 744 × 1140 × 75 (483.6 × 741.0 × 48.8) 
Graphite 1022 × 1176 × 85 (664.3 × 764.4 × 55.3) 
LMO 990 × 1125 × 90 (643.5 × 731.3 × 58.5) 
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As a result, the selected volume of interest for each analysed electrode in this 
study was deemed a representative volume element if the absolute value of the 
relative error (𝜀𝑟,𝑅𝑉𝐸) in the measured material parameter was less than or equal 2 %. 
For the RVE analysis, the ROI extracted for each electrode sample was split into sub-
volumes, as shown in Figure 4.1(b) and Table 4.3, where each sub-volume was 
obtained by increasing the x and y lengths from an initial cuboidal volume selected 
from a vertex of the image, whilst keeping the z-length (i.e. electrode thickness) fixed 
for all sub-volumes. This was followed by computing the value of each microstructural 
parameter for the different incremental sub-volumes in attempt to realise converging 
RVE plots. 
 
Figure 4.1. (a) Conceptual schematic representing the idealized relationship between material 
property (n) and the sample volume (U), and showing the representative volume element 
region. Adapted with permission from [233]. Copyright (2011) Journal of Microscopy. (b) 
Schematic representation of how the analysed electrode samples were split into sub-volumes 
by increasing x and y lengths, while keeping z thickness fixed. 
Comparison of 3D Analysis and Stereological Techniques for Quantifying LIB Electrode 
Microstructures 
 
74 
 
Table 4.3. Extracted sub-volume dimensions from (a) LCO, (b) LMO, and (c) graphite electrode 
samples used in the representative volume element analyses.   
(a)   (b)  
Sample 
sub-
volume 
LCO  Sample 
sub-
volume 
LMO 
X  
(µm) 
Y 
(µm) 
Z 
(µm) 
X  
(µm) 
Y 
(µm) 
Z 
(µm) 
1 40.3 61.8 48.8 1 42.9 48.8 58.5 
2 80.6 123.5 48.8 2 85.8 97.5 58.5 
3 120.9 185.3 48.8 3 128.7 146.3 58.5 
4 161.2 247.0 48.8 4 171.6 195.0 58.5 
5 201.5 308.8 48.8 5 214.5 243.8 58.5 
6 241.8 370.5 48.8 6 257.4 292.5 58.5 
7 282.1 432.3 48.8 7 300.3 341.3 58.5 
8 322.4 494.0 48.8 8 343.2 390.0 58.5 
9 362.7 555.8 48.8 9 386.1 438.8 58.5 
10 403.0 617.5 48.8 10 429.0 487.5 58.5 
11 443.3 679.3 48.8 11 471.9 536.3 58.5 
12 483.6 741.0 48.8 12 514.8 585.0 58.5 
    13 557.7 633.8 58.5 
    14 600.6 682.5 58.5 
    15 643.5 731.3 58.5 
 
(c)  
Sample 
sub-volume 
Graphite 
X (µm) Y(µm) Z(µm) 
1 47.5 54.6 55.3 
2 94.9 109.2 55.3 
3 142.4 163.8 55.3 
4 189.8 218.4 55.3 
5 237.3 273.0 55.3 
6 284.7 327.6 55.3 
7 332.2 382.2 55.3 
8 379.6 436.8 55.3 
9 427.1 491.4 55.3 
10 474.5 546.0 55.3 
11 522.0 600.6 55.3 
12 569.4 655.2 55.3 
13 616.9 709.8 55.3 
14 664.3 764.4 55.3 
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4.3 Quantification of microstructural parameters in 2D and 3D 
In this work, we compare the geometric quantification of lithium-ion battery 
electrode microstructural parameters using both stereological and direct 3D 
measurement approaches. Figure 4.2 shows the result of threshold segmentation of a 
reconstructed greyscale image section and the resulting volume rendering of the 
region of interest analysed for each electrode sample. Note that each reconstructed 
2D image section is a plane of single voxel thickness. For each electrode, parameter 
calculation using the stereological approach was performed on 2D image sections to 
yield slice-wise distributions, and RVE analysis was performed on the 3D reconstructed 
volumes to ensure bulk representation of the calculated parameters in three 
dimensions.  
Based on a 2 % relative error criterion, the profiles for pore volume fraction, 
volume-specific surface area, as well as geometric tortuosity along the x, y and z 
directions presented in Figure 4.6(d), Figure 4.10(d) and Figure 4.17, respectively show 
that the three electrode sample volumes yield parameter values that are 
representative of the bulk electrode volume. These figures also show the graphite and 
LMO samples reach the minimum RVE at a much smaller sub-volume than the LCO 
sample, which can be attributed to lesser microscopic heterogeneity effects on the 
microstructural parameters in both graphite and LMO sample volumes. 
4.3.1 Pore volume fraction 
Figure 4.3 – Figure 4.6 show the slice-wise pore volume fraction profile for each 
of the three examined battery electrodes along each orthogonal direction. For each 
electrode sample, the mean pore volume fraction and standard deviation (SD) in each 
direction were also calculated over the 2D image sections. As expected, averaging the 
entire slice-wise 2D pore volume fraction distribution along each axis yields 
stereological mean pore volume fraction values (Mean 2D) which are identical to the 
value obtained from a 3D reconstruction of the pore phase, as seen in Table 4.4, but 
the pore volume fraction standard deviation varies in each direction. 
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Figure 4.2. Transformation of reconstructed 2D greyscale image to binary image and a volume 
rendering of the (a) graphite, (b) LCO and (c) LMO electrode samples respectively, where white 
represents the solid phase and black represents the pore/electrolyte phase. 
It was also seen that stereological prediction of pore volume fraction using 2D 
image sections along each axis yields a pore volume fraction profile that displays 
significant variation, thus highlighting localised microstructural heterogeneities. When 
compared to the pore volume fraction measured in 3D, all three electrodes showed 
larger maximum percentage underestimation (% U.E.) and maximum percentage 
overestimation (% O.E.) in the x and y directions than in the z direction. Moreover, the 
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results further indicate that basing pore volume fraction calculations for a 3D porous 
material with a heterogeneous microstructure on the area fraction of just a single 
planar section of such material could be misleading. 
 
Figure 4.3. Pore volume fraction profiles for the LCO electrode sample showing variation in 
slice-wise pore volume fraction along the x, y and z directions. 
 
Figure 4.4. Pore volume fraction profiles for the LMO electrode sample showing variation in 
slice-wise pore volume fraction along the x, y and z directions. 
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Figure 4.5. Pore volume fraction profiles for the graphite electrode samples showing variation 
in slice-wise pore volume fraction along the x, y and z directions. 
 
Figure 4.6. Evolution of 3D pore volume fraction (main) and the relative errors (inset) versus 
sub-volume size for each electrode sample. 
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Table 4.4. Comparison of pore volume fractions obtained by stereological predictions and 3D 
analysis. 
Pore volume fraction,𝚽 
Sample 3D 
Mean 
2D 
Std. Dev. 
2D 
Min 
2D 
% U.E. 
Max 
2D 
% O.E. 
LCO 0.431 
x-dir: 0.431 
y-dir: 0.431 
z-dir: 0.431 
0.021 
0.070 
0.011 
0.363 
0.297 
0.399 
15.67 
30.96 
7.26 
0.490 
0.546 
0.442 
13.69 
26.69 
2.73 
Graphite 0.484 
x-dir: 0.484 
y-dir: 0.484 
z-dir: 0.484 
0.013 
0.013 
0.005 
0.452 
0.443 
0.468 
6.67 
8.60 
3.24 
0.531 
0.527 
0.492 
9.81 
8.84 
1.73 
LMO 0.453 
x-dir: 0.453 
y-dir: 0.453 
z-dir: 0.453 
0.062 
0.047 
0.013 
0.298 
0.353 
0.397 
34.36 
22.07 
12.47 
0.569 
0.528 
0.469 
25.58 
16.33 
3.38 
 
4.3.2 Volume-specific surface area 
Figure 4.7 – Figure 4.10 show the slice-wise volume-specific surface area 
profiles generated using the stereological relation shown in Equation (4.1) for each of 
the three examined battery electrodes along each orthogonal direction. Unlike the 
pore volume fraction results, it can be seen for all three samples that the mean 
stereological volume-specific surface area values obtained along each axis direction 
differ from each other and also from the mean volume-specific surface value obtained 
from 3D volume analysis; for instance, when compared with the mean volume-specific 
surface area obtained from 3D measurement shown in Table 4.5, a difference of up to 
52 % was found in the LMO electrode sample. This error can be associated with the 
fact that the stereological method does not account for how each image slice interacts 
with the next one above or below it when estimating the length of the pore-solid 
phase boundary length. Furthermore, in the LMO and graphite samples, the 2D image 
sections extracted in the x direction yield a slice-wise profile with higher volume-
specific surface area values than the profiles from the 2D sections in the y and z 
directions. This could be attributed to the anisotropic or non-spherical nature of the 
electrode particle shapes and/or to particle-to-particle ordering and orientation within 
the electrode samples as a result of electrode calendaring or the electrode 
manufacturing process. This could then lead to a variation in the length of the particle–
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porosity phase boundary that would be captured in 2D sections along a given 
orthogonal direction. 
 
Figure 4.7. Volume-specific surface area profiles for the LCO electrode sample showing 
variation in slice-wise volume-specific surface area along the x, y and z directions. 
 
Figure 4.8. Volume-specific surface area profiles for the LMO electrode sample showing 
variation in slice-wise volume-specific surface area along the x, y and z directions. 
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Figure 4.9. Volume-specific surface area profiles for the graphite electrode sample showing 
variation in slice-wise volume-specific surface area along the x, y and z directions. 
 
Figure 4.10. Evolution of 3D volume-specific surface area (main) and the relative errors (inset) 
versus sub-volume size for each electrode sample. 
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Table 4.5. Comparison of volume-specific area obtained by stereological predictions and 3D 
analysis  
Volume-specific surface area, 𝑺𝑽 
Sample 
3D 
(µm-1) 
Mean 2D 
(µm-1) 
Std. Dev. 
2D 
(µm-1) 
Min 2D 
(µm-1) 
% U.E. 
Max 2D 
(µm-1) 
% O.E. 
LCO 0.302 
x-dir: 0.252 
y-dir: 0.280 
z-dir: 0.286 
0.007 
0.018 
0.003 
0.231 
0.236 
0.276 
23.38 
21.83 
8.77 
0.268 
0.314 
0.291 
11.17 
4.08 
3.65 
Graphite 0.258 
x-dir: 0.248 
y-dir: 0.148 
z-dir: 0.127 
0.004 
0.004 
0.001 
0.236 
0.139 
0.124 
8.64 
46.26 
51.89 
0.258 
0.158 
0.129 
0.21 
38.49 
49.95 
LMO 0.214 
x-dir: 0.325 
y-dir: 0.193 
z-dir: 0.169 
0.012 
0.013 
0.002 
0.180 
0.104 
0.109 
15.69 
51.50 
49.41 
0.223 
0.141 
0.114 
4.32 
34.36 
46.55 
 
4.3.3 Geometric tortuosity 
Although the arc-chord ratio for calculating geometric tortuosity is not a 
relationship developed from stereological theory, it has been used on 2D image 
sections for estimating the tortuosity of inherently 3D structures [236]. Moreover, as 
illustrated in Figure 4.11 using a small ROI from the reconstructed LCO electrode pore 
network, 2D image-based estimations of the tortuosity of a 3D pore network along a 
given orthogonal direction means that the 2D planar images used for such estimations 
could be viewed or selected from two possible directions. For example, if we are 
estimating tortuosity along the z direction in a tomographically generated 3D image 
using the arc-chord ratio approach, the tortuosity estimates can be calculated using 2D 
image sections generated in the ZX or ZY planes, and in the x and y directions if the 3D 
image is re-sliced to generate image sections in the XZ or XY planes and YX or YZ 
planes, respectively. This results in two tortuosity profiles per axial direction, making a 
total of six possible tortuosity profiles, as illustrated in Figure 4.11. 
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Figure 4.11. Schematic illustration of how a 3D structure can be viewed along each axis 
direction for 2D tortuosity calculations. 
Although the pore phase in the examined electrodes showed good connectivity 
(>99 %) and percolation in three dimensions, we observe that the pore phase across 
some individual 2D sections generated was not connected, leading to discontinuities in 
the slice-wise tortuosity profiles. The tortuosity value across such sections is taken to 
be infinite. This further highlights how the stereological approach to microstructural 
parameter quantification can be misleading. 
Figure 4.12 – Figure 4.14 show the discontinuities in the slice-wise tortuosity 
profile for each of the examined electrodes, which highlights the absence of a 
completely percolating pore phase across some 2D sections. These discontinuities 
were present in all the slice-wise profiles created along each possible plane. Figure 
4.15 – Figure 4.17 show the evolution of 3D pore-phase tortuosity with increasing 
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sample sub-volume along the x, y and z directions using representative volume 
element analysis.  
 
Figure 4.12. Slice-wise tortuosity profile of the LCO electrode pore phase across ZX image 
sections. Regions of tortuosity discontinuity highlighted by the red arrows in the inset plots 
signify no pore percolation across some image section(s) within that region of the sample. 
 
Figure 4.13. Slice-wise tortuosity profile of the LMO electrode pore phase across ZY image 
sections. Regions of tortuosity discontinuity highlighted by the red arrows in the inset plots 
signify no pore percolation across some image section(s) within that region of the sample. 
The discontinuities in Figure 4.12 – Figure 4.14 show that the tortuosity within 
inherently 3D networks is nearly impossible to measure from 2D cross sections or 
planar slices, as it relies on exactly how and where the phase networks branch out and 
interconnect in three dimensions [23,237]. The 2D methodology does not consider this 
Comparison of 3D Analysis and Stereological Techniques for Quantifying LIB Electrode 
Microstructures 
 
85 
 
3D phase network interconnectivity, and hence such an approach for estimation of 3D 
tortuosity is bound to be associated with ambiguity.  
 
Figure 4.14. Slice-wise tortuosity profile of the graphite electrode pore phase across XY image 
sections.  
Regions of tortuosity discontinuity highlighted by the red arrows in the inset 
plots signify no pore percolation across some 2D image section(s) within that region of 
the sample volume. Table 4.6 compares the stereological mean z-direction tortuosity 
(obtained using ZX image sections) with the directional tortuosities obtained directly 
from the 3D volumes. Here, the stereological mean z-direction tortuosities in each 
electrode sample appear to be largely overestimated as they are much higher than the 
z-direction tortuosities obtained from 3D analysis. This overestimation is most likely 
associated with the fact that the shortest pathway through such heterogeneous pore 
networks from a 2D cross-section is actually a much shorter route when the entire 3D 
pore network is considered. 
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Table 4.6. Comparison of geometric tortuosity obtained by stereological predictions and 3D 
analysis. 
Geometric tortuosity, 𝝉 
Sample 3D 
Mean 2D 
(z-dir, ZX slices) 
SD Dev. 2D 
(z-dir, ZX slices) 
Min 2D 
(z-dir, ZX slices) 
% U.E. 
Max 2D 
(z-dir, ZX slices) 
% O.E. 
LCO 
𝜏𝑥  : 1.078 
𝜏𝑦 : 1.060 
𝜏𝑧 : 1.011 
1.170 0.069 1.023 1.18 1.919 89.82 
Graphite 
𝜏𝑥  : 1.051 
𝜏𝑦 : 1.054 
𝜏𝑧 : 1.013 
1.485 0.147 1.167 2.736 21.42 84.26 
LMO 
𝜏𝑥  : 1.069 
𝜏𝑦 : 1.053 
𝜏𝑧 : 1.010 
1.225 0.105 1.077 6.61 1.936 91.6 
 
 
 
Figure 4.15. Evolution of 3D pore-phase tortuosity along the x-direction (main) and the relative 
errors (inset) versus sub-volume size for each electrode sample. 
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Figure 4.16. Evolution of 3D pore-phase tortuosity along the y-direction (main) and the relative 
errors (inset) versus sub-volume size for each electrode sample. 
 
Figure 4.17. Evolution of 3D pore-phase tortuosity along the z-direction (main) and the relative 
errors (inset) versus sub-volume size for each electrode sample.  
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4.3.4 Pore radius 
With the stereological approach, slice-wise profiles for mean pore radius were 
generated for each electrode sample using 2D sections generated along each axis. In 
all three samples, significant variations in pore radius are seen in each slice-wise profile 
along each axis. Moreover, in all three electrode samples, the mean pore radius values 
obtained along each axis direction appear to be in close range, as shown in Figure 4.18 
– Figure 4.20 and in Table 4.7. 
 
 
Figure 4.18. Mean pore radius profiles for the LCO electrode sample showing variation in slice-
wise pore radii along the x, y and z directions. 
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Figure 4.19. Mean pore radius profiles for the LMO electrode sample showing variation in slice-
wise pore radii along the x, y and z directions. 
 
 
Figure 4.20. Mean pore radius profiles for the graphite electrode sample showing variation in 
slice-wise pore radii along the x, y and z directions. 
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Table 4.7. Comparison of pore radius obtained from stereological prediction and different 3D 
analysis methods. 
Pore radius,  𝝈 
Sample 
3D 
(µm) 
Mean 2D 
(µm) 
SD 2D 
(µm) 
Min 2D 
(µm) 
% U.E. 
Max 2D 
(µm) 
% O.E. 
LCO 
DOHT:     1.049 
MA-FM:  2.251 
CPSD:      2.277 
SMO:       2.394 
x-dir: 1.708 
y-dir: 1.397 
z-dir: 1.511 
0.021 
0.092 
0.011 
1.656 
1.243 
1.490 
27.26 
45.43 
34.56 
1.797 
1.549 
1.523 
21.07 
31.99 
33.12 
Graphite 
DOHT: 1.650 
MA-FM: 3.531 
CPSD: 3.031 
SMO: 3.155 
x-dir: 1.957 
y-dir: 1.986 
z-dir: 2.376 
0.015 
0.032 
0.021 
1.827 
1.908 
2.345 
48.25 
45.96 
33.58 
1.988 
2.050 
2.443 
43.70 
41.98 
30.80 
LMO 
DOHT: 2.723 
MA-FM: 3.680 
CPSD: 3.408 
SMO: 3.443 
x-dir: 2.030 
y-dir: 2.265 
z-dir: 2.425 
0.218 
0.060 
0.073 
1.586 
1.863 
2.140 
53.48 
45.34 
37.20 
2.254 
2.330 
2.512 
33.86 
31.64 
26.29 
 
With regards to the 3D reconstructed volumes, four different approaches for 
extracting the mean pore radius parameter were examined, as outlined previously. 
Figure 4.21 shows a comparison of the pore radius distributions generated from these 
methods. Of all three electrode samples, the LMO electrode appears to have the 
broadest pore size distribution and the highest mean pore radius value.  
It is also observed that the DOHT method gives a high frequency of smaller 
pores - this is associated with the tendency of the thinning algorithm to generate false 
branches and spurious nodes in the resulting skeleton, which are often induced by 
surface irregularities and image noise. However, these can be eliminated by “pruning” 
false branches within the skeleton, but this is a nontrivial process for such complex 
microstructures and could end up significantly altering the original topological 
skeleton.  
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Figure 4.21. Pore radius distribution of the battery electrode samples (a) LCO, (b) LMO and (c) 
graphite. 
The MA-FM method, however, shows a relatively higher frequency of larger 
pores. This is as a result of the characteristic of the fast marching algorithm employed 
to perform selective pore radius sampling on larger pore pathways rather than on 
every pore pathway due to the scaling of the speed map with the interfacial distance 
map [193]. The pore radius distribution generated with the MA-FM, SMO and CPSD 
methods are almost identical for the LCO sample. In both the LMO and LCO samples, 
the pore radius distribution curves from the CPSD and SMO methods are similar. 
However, this trend is absent in the graphite electrode sample, with the SMO method 
displaying a broad pore radius distribution.  
It is noteworthy that pore-scale quantification of tomography data has been 
extensively validated against conventional porosimetry techniques [238–240]; 
moreover, the CPSD algorithm was developed to mimic the physical process of 
mercury porosimetry to extract values from tomography data that can be directly 
compared with porosimetry measurements.  
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Although these 3D pore size extraction methods are commonly used in pore-
scale characterisation of porous materials, each of them has its advantages and 
drawbacks (e.g. DOHT method is easily affected by image noise and could create false 
skeleton branches and nodes, whereas the MA-FM method selectively samples pore 
pathways) and the differences in calculated pore radius values suggests that there 
stands the risk of confusion about the geometric definition of pore size and size 
distribution. However, the CPSD method would be expected to have a high degree of 
accuracy as it includes all possible pathways including narrow bottlenecks and dead-
ended pores, and is not limited by possible errors from topological skeleton creation. 
Therefore, it is recommended that one proceed with caution when selecting 
amongst these pore size calculation methods for quantifying complex porous 
microstructures, and consequently any comparison of 3D pore size distribution should 
fully account for inherent differences that may be present in the calculation 
methodology. Moreover, even as all pore size calculations should be independent of 
imaging resolution (as the digital image resolution dependencies decrease once the 
voxel size falls below that of the structures to be resolved), it is useful to image the 
porous material of interest at a sufficiently high resolution to reduce the effect of 
possible artefacts from image processing. Applying a multiscale 3D imaging approach 
[24] will provide a good validation for microstructural quantification. Furthermore, 
when the stereological mean pore radii values were compared with the mean pore 
radius values obtained using the CPSD method, large underestimations (and 
overestimations) of over 20 % were observed. 
4.4 Conclusion 
In this chapter, both stereological prediction and 3D analysis techniques for 
quantitative assessment of key geometric parameters for characterising lithium-ion 
battery electrode microstructures were examined and compared. Quantitative analysis 
was carried out on image data obtained from imaging battery electrode samples using 
synchrotron-based X-ray tomographic microscopy. For each electrode sample 
investigated stereological analysis was performed on 2D planar image slices generated 
from tomographic imaging, whereas direct 3D analysis was performed on rendered 
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image volumes. Representative volume element analysis was performed to ascertain 
the selected 3D volumes examined were representative of the bulk electrodes. 
The results showed that stereological estimation of inherently 3D 
microstructural parameters using a single 2D image section is bound to be associated 
with ambiguity and may lead to significant parameter under- or overestimation. 
Significant variation in measured parameters observed using 2D planar image sections 
highlights the presence of localised microstructural heterogeneities within the 
electrode materials. Pore volume fraction measurements using stereological prediction 
showed smaller parameter variations using planar slices normal to the z direction; in 
this case, stereology could be useful to obtain an initial approximation for pore volume 
fraction but in order to obtain complete information on a statistically non-
homogenous microstructure, direct 3D measurement cannot be replaced by 
stereological relationships. Discontinuities in the planar tortuosity profiles show that 
the tortuosity within inherently 3D networks cannot be geometrically measured from 
2D cross-sections or planar slices, as tortuosity relies on exactly how and where the 
phase networks branch out and interconnect in three dimensions. This also 
demonstrates that 3D measurement of non-convex, irregular and interconnected pore 
networks are more suited for accurately quantifying spatial parameters, like tortuosity 
and phase connectivity.  
Also, four different methods to extract pore size distributions in 3D are 
compared. The CPSD and SMO methods give similar pore-size distributions curves as 
they consider the entire network including dead-ended and isolated pores, as opposed 
to the MA-FM method which tends to sample major pore pathways. It is 
recommended that comparison of 3D pore size distributions should fully account for 
inherent difference that may be present in each calculation methodology. 
Three-dimensional characterisation has undoubtedly furthered the 
understanding of LIB electrodes, revealing the complexity of their microstructural 
features. Establishing suitable quantification techniques for analysing 3D reconstructed 
battery electrodes with statistical confidence will aid in providing representative 
information on microstructural parameters and show how these parameters evolve 
during battery operation and even degradation, as in demonstrated in the following 
chapters.        
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Chapter 5 
5 4D Characterisation of Metallic Lithium Electrode 
Microstructures using X-ray Micro-CT 
5.1 Introduction 
A range of diagnostic tools have been used by researchers to study the 
formation of dendritic/mossy microstructures in lithium batteries. Optical and electron 
microscopy have been used for two-dimensional (2D) characterisation of 
electrodeposited Li microstructures and lithium metal surface morphology changes 
[11,241–243], providing a wealth of qualitative information on their inherently three-
dimensional (3D) structure. However, most of these studies were performed ex-situ, 
thus requiring cell disassembly and removal of the lithium microstructures from their 
as grown environment. NMR and MRI investigations are non-invasive and have been 
successfully carried out in-situ to capture the formation of dendritic and 
electrodeposited lithium structures [19,128]; however the resolution of MRI is limited, 
typically 100 µm [244], and the presence of metals can introduce imaging artefacts 
[245]. There have also been reported attempts to theoretically model different 
electrodeposited Li growth with regards to their morphologies and feature size 
distributions [143,246–248]. 
X-ray computed tomography (CT) enables non-invasive acquisition of high 
spatial resolution 3D images of materials in-situ; however, applying tomographic 
imaging to Li can be rather challenging due to its low attenuation coefficient which 
limits X-ray absorption contrast. Recently, X-ray CT has been used to visualize metallic 
Li microstructures. Harry et al. [129] first used synchrotron-based X-ray CT to image 
metallic Li microstructures in Li-polymer cells, demonstrating the role of subsurface 
dendritic structures within a Li metal electrode in the failure of lithium batteries. With 
bespoke Li/Li symmetrical cells, the author, in a collaborative study with Eastwood et 
al. [249], used synchrotron X-ray phase contrast imaging to characterise different 
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forms of Li microstructures. In this previous study, the author with Eastwood et al. 
were able to distinguish between mossy metallic Li microstructures from high surface 
area lithium salt deposits by their contrasting X-ray attenuation. However, X-ray CT can 
be extended to explore temporal evolution of material microstructures within 
batteries during operation or failure, thus giving rise to the notion of “4-dimensional” 
tomography (i.e. 3D plus time) and even enabling quantitative information on 3D 
microstructural dynamics to be extracted. 
In this chapter, the use of both synchrotron and laboratory-based X-ray micro-
tomography to perform both in-situ and operando characterisation of the 
morphological evolution that occurs at the surface of Li metal electrodes is 
demonstrated.           
5.2 Electrode preparation and cell assembly 
Using the in-situ Swagelok cell design described in Section 3.7.2, half-cells were 
assembled in an argon-filled glove-box (O2 and moisture level maintained at < 0.5 ppm) 
using metallic lithium as positive electrode, graphite as negative electrode, a 
borosilicate glass microfiber separator (Whatmann GF/B grade, GE, UK), and 1M LiPF6 
in 3:7 vol/vol of ethylene carbonate (EC) : ethyl methyl carbonate (EMC) as electrolyte. 
Graphite electrodes were prepared as a slurry mixture containing graphite powder 
(TIMREX® SLP30, TIMCAL, Switzerland), carbon black (Super P, Sigma Aldrich, UK), and 
PVDF binder (Pi-KEM, UK) in the respective percentage weight ratios 87:3:10 in n-
methyl-2-pyrrolidone (Pi-KEM, UK). This slurry was coated onto the tip of stainless 
steel current collecting pins, and dried at 80 °C under vacuum for 24 h. The metallic 
lithium electrodes were cut out from a 200 µm thick lithium foil (Pi-KEM, UK) into 3.2 
mm diameter discs.  
5.3 Operando synchrotron X-ray tomography study during single 
discharge 
The morphological changes at the surface of a Li metal electrode during the 
first discharge of an assembled graphite/Li half-cell were examined using operando X-
ray CT. Synchrotron X-ray CT experiments were conducted at the Diamond-
Manchester Imaging Branchline I13-2 of Diamond Light Source, UK. The experimental 
setup is shown in Figure 5.1. The mounted half-cell sample was electrically insulated 
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from the sample stage to prevent interference. A partially-coherent, polychromatic 
‘pink’ beam (5 to 35 keV) of parallel geometry was used with an undulator gap of 5 
mm. The pink beam was chosen as it can provide higher signal-to-noise images with 
shorter exposure times, high temporal resolution and improved spatial resolution (due 
to decreased blurring), relative to a monochromatized beam. Compared to a 
monochromatic beam, the photon flux of the pink beam is about 50 – 100 times higher 
[250].   
 
Figure 5.1. (a) Optical image of the in-situ cell mounted for synchrotron X-ray CT. (b) Schematic 
representation of the experimental beamline setup for operando synchrotron X-ray CT. 
The beam coming into the experimental hutch was reflected from the platinum 
stripe of a grazing-incidence focusing mirror and filtered with 950µm-thick pyrolytic 
graphite, 2 mm-thick aluminium and 20 m-thick nickel filters. For each tomogram of 
the examined half-cell sample, 4000 projection images of exposure time 160 ms each 
were recorded at equally-spaced angles over 180° of continuous rotation (along the 
sample’s long axis) by a pco.edge 5.5 (PCO AG, Germany) detector. The detector was 
coupled to a 500μm CdWO4 scintillator and visual light optics, providing 8x total 
magnification, a field of view of 2.1 × 1.8 mm (2560 × 2160 pixels) and an effective 
pixel size of 0.81 μm. A propagation distance (between the sample and the detector) 
of approximately 25 mm was used to provide minimal inline phase contrast. Prior to 
reconstruction via filtered back projection with DAWN 1.7 software [251], projection 
images were flat- and dark-corrected and ring artefact suppression was performed 
[252]. 
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Galvanostatic discharge of the half-cell from open circuit voltage to 0.005 V was 
performed using a potentiostat (Ivium Compactstat, Ivium Technologies) at a rate of 20 
mAg-1, which is estimated to be a C/20 C-rate based on graphite material mass. 
Tomograms of a central region within half-cells were successively acquired every 15 
min during discharge, including a rest period of 120 s between each successive 
tomogram acquisition, and a total of 44 successive X-ray tomograms were acquired in 
the course of the half-cell discharge. 
Figure 5.2(a) shows a vertical cross section through the tomogram of a half-cell 
sample before operation, and Figure 5.2(b) shows a selected sequence of time-
resolved tomogram cross-sections of a magnified region of interest that captures 
gradual pit formation along the Li metal electrode surface as a result of 
electrochemical discharge. Volume renderings of this magnified region [presented in 
Figure 5.3 and Figure 5.4(a)] provide qualitative insight into the 3D morphological 
structure and evolution of these pits. The pits appear roughly hemispherical in shape 
and are seen to gradually increase in both diameter and depth as the half-cell 
discharge progresses. In Figure 5.4(b), a gradual increase in the volume fraction of pits 
within the analysed sample volume is clearly observed as a result of the cell discharge. 
The occurrence of similar pit-like holes on the surface of cycled lithium 
electrodes has previously been identified using electron microscopy 
[138,144,242,253]. It was found that pit morphology and growth rate along the 
metallic Li electrode surfaces can be a function of electrolyte composition and applied 
current density. In addition, such electrochemically–induced pitting has been 
previously observed to be associated with the breakdown of the passive layer on the 
metal surface, which could be as a result of the penetration of PF6
- anions from the 
electrolyte through the layer, causing localized variations in interfacial energy and thus 
resulting in the local dissolution of the lithium metal surface [254]. Moreover, previous 
investigations also show that such lithium dissolution could take place preferentially 
along surface defects such as those induced during manufacturing or prior handling of 
the Li metal electrode [242,255]. 
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Figure 5.2. (a) X-ray tomogram cross-section through the half-cell assembly. (b) Magnified 
region of tomogram section showing gradual pit formation on the Li metal surface during cell 
discharge at a constant rate of 20 mAg-1. Scale bars represent 200 µm. 
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Figure 5.3. (a) 3D renderings of the lithium metal surface within the magnified region in Figure 
5.2b at different stages during the half-cell discharge at a constant rate of 20 mAg-1. The 
discharge voltage profile of the cell is plotted in (b) and relates the 3D renderings to time. 
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Figure 5.4. (a) Volume rendering of the pits formed along the lithium metal surface within the 
magnified region in Figure 5.2b at different stages of the half-cell discharge. (b) Variation of pit 
volume fraction with discharge time within the analysed sample region. 
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Although the primary investigation here was to visualize and track 
morphological changes occurring at the surface of the lithium metal electrode during 
the course of a single discharge, some other interesting observations were made. 
During exposure of the operating half-cell to the intense synchrotron radiation, a loss 
in cell performance as well as a deviation from the normal half-cell electrochemical 
behaviour was observed. Figure 5.5 shows the resulting electrochemical discharge 
profile of the graphite/Li half-cell during operando synchrotron X-ray CT. Sequential 
fluctuations or ‘upward humps’ in the voltage profile of the graphite/Li half-cell were 
seen, with their occurrence corresponding with tomogram acquisition periods when 
the sample was exposed to the pink beam. A typical graphite/Li half-cell discharge is 
normally associated with a decline in the cell voltage as shown by the red-dotted 
voltage profile in Figure 5.5. However, with the half-cells used in the X-ray 
experiments, increases in the half-cell voltage occurred each time the X-ray shutter 
was open, such as during each tomogram acquisition and flat-image acquisition where 
the half-cell sample was exposed to the high flux X-rays. Between each successive 
tomogram acquisition was a 120 s rest period during which the X-ray shutter was 
closed: during this period, the half-cell voltage reverts to the expected decreasing 
profile. These fluctuating trends in electrochemical behaviour are found to be similar 
to that previously observed during intermittent X-ray irradiation of TiO2 film 
electrodes, where exposure to synchrotron X-rays promoted photoelectrochemical 
reactions [256], and also during exposure of low temperature fuel cells to high 
intensity synchrotron radiation [257–259].  
Significant degradation in half-cell discharge performance during exposure to 
the high intensity X-ray beam was also observed – the discharge of the irradiated half-
cell was completed in ca. 10 hours rather than an expected 20 hours based on the 
estimated C/20 current rate. Moreover, a lower specific discharge capacity of 159 
mAhg-1 was obtained with the irradiated cell while a discharge capacity of 370 mAhg-1 
achieved with no X-ray exposure.   
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Figure 5.5. Discharge profile of the graphite/Li half-cell during operando CT (blue line) and 
without any exposure to the pink beam (red dotted line). Both half-cell discharges were 
performed at a C/20 current rate. Each tomogram acquisition period (ttomo) corresponded with 
the period of abnormal discharge voltage behaviour.  
To ensure that the observed performance degradation phenomenon was not 
caused from interference to the cell’s electrical connections from sequential sample 
rotation / tomography acquisition, the beamline was set to radiography mode (i.e. no 
sample rotation) and the open-circuit voltages of more identical graphite/Li half-cell 
samples were repeatedly measured during discharge with and without X-ray 
irradiation (i.e. when the X-ray shutter was in open or closed state). It was observed 
that even in radiography mode, oscillations in cell voltage similar to those seen in 
Figure 5.5 occurred in each of the irradiated cell samples whenever the X-ray shutter 
was opened or closed, in addition to shorter discharge times and lower discharge 
capacities. From these observations, it could be said that the exposure of the sample 
to the intense X-ray beam induced performance degradation in the half-cell. 
It is suspected that the observed performance degradation behaviour is the 
result of sample interaction with the ionising beam, causing increased internal 
resistances within the half-cell and thus a loss in performance. Similar degradation 
phenomena in electrochemical behaviour have been detected in lithium-ion full cells 
and half-cells containing LiPF6-based electrolytes that were exposed to ionising 
radiation: Ding et al. observed substantial deterioration in cell performance after 
gamma radiation exposure [260–262] and attributed the decline in performance to the 
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production of carboxyl groups in the electrolyte which react with active lithium metal, 
causing an increase in cell impedance and a decrease in charge and discharge capacity. 
Gamma radiation – induced capacity degradation has also been observed in lithium 
polymer cells [263], with increased radiation dose in cells leading to shorter discharge 
time and lower specific capacity. Such electrochemical behaviour was not observed 
during synchrotron X-ray CT experiments previously reported [176,264] which 
employed a lower intensity monochromatic X-ray beam. Moreover, these findings 
highlight the need for careful consideration of radiation dose that would prevent 
performance losses in functional materials when using ionising beams such as X-rays 
are used as a diagnostic tool.  
5.4 Time-lapse laboratory X-ray tomography study during repeated 
cycling 
To observe the effect of repeated charge-discharge cycling on the surface 
morphology of Li metal in-situ, X-ray CT was performed on another assembled 
graphite/Li half-cell using a microfocus tube ‘laboratory source’ X-ray microscopy 
system equipped with a tungsten anode target (ZEISS Xradia Versa 520, Carl Zeiss X-ray 
Microscopy Inc., USA). X-ray CT scans were performed on the half-cell in its original 
state immediately after assembly and after 10, 70 and 135 charge-discharge cycles. 
The half-cell was galvanostatically cycled at a C/5 C-rate between 0.005 V and 1.0 V 
using a battery cycler (Maccor 4300 series, USA).  
For each tomographic image acquisition, the half-cell was mounted firmly onto 
a sample holder and placed on the rotating sample stage between the X-ray source 
and a 2k × 2k detector, as previously shown in Figure 3.25. Tomography datasets were 
collected at 20× magnification in absorption-contrast mode. The projection image 
datasets were reconstructed using a commercial image reconstruction software 
package (ZEISS XMReconstructor, Carl Zeiss X-ray Microscopy Inc., Pleasanton, USA) 
which employs a filtered back-projection algorithm. Details of the experimental 
parameters for each tomographic scan are presented in Table 5.1. The tomograms 
were 3D median filtered using Avizo software to reduce random image noise. 
Figure 5.6(a) shows tomogram cross-sections through the graphite/Li half-cell 
at different stages in its cycle life. As seen in Figure 5.6(a), the half-cell components 
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were distinctly resolved: the dark-grey topmost layer is the low-attenuating Li metal 
electrode; the middle layer is the glass-fibre separator with relatively highly 
attenuating microfibers and the porous graphite electrode at the bottom. Also 
captured in the tomogram is a clear outline of the Li metal surface in contact with the 
glass-fibre separator. The Li metal surface is originally smooth and almost featureless 
prior to cell assembly; however, pressure applied to the cell during assembly causes 
the separator microfibers to leave imprints upon contact with the soft Li metal surface, 
as seen in the volume renderings of the Li surface in Figure 5.3.    
Table 5.1. Scan parameters for tomographic experiments 
Scan Parameters 0 cycles 10 cycles 70 cycles 135 cycles 
Source voltage (kV) 50 35 50 50 
Radiograph exposure time (s) 75 66 66 66 
Number of projections 1601 3201 2151 2201 
Source-detector distance (mm) 29 29 29 29 
Effective voxel size (µm) 0.75 0.75 0.75 0.75 
 
After 10 cycles, the presence of a low attenuation, morphologically distinct 
layer is observed on the Li metal surface. The corresponding 3D rendering in Figure 
5.6(b) shows this layer to be a moss-like deposit, which appears to penetrate the 
surface of the fibrous separator. Such moss-like deposits, as well as dendrite 
formation, are known to occur as a result of non-uniform lithium electro-deposition 
during repeated charge and discharge cycles. Previous investigations using electron 
microscopy (e.g. [241,242,255,265]) have shown that lithium moss and dendrite 
nucleation and growth upon subsequent Li deposition during charge cycling takes 
place preferentially along dissolution pits such as those identified in the operando CT 
study. This has been attributed to locally enhanced current densities at such regions on 
the electrode surface. As the cell cycling progresses, the lithium moss is seen to 
gradually increase in thickness and penetrate through the fibrous separator [Figure 
5.6(b)]. These deposits can continually grow through the separator to create contact 
between both electrodes and initiate internal short-circuits, which could lead to 
hazardous battery failure via short circuiting. Dendritic growth within lithium batteries 
continues to present significant safety risks; as such, there are currently research 
efforts into their early detection within the batteries before short circuiting occurs 
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[266]. Furthermore, these imaging results highlight the influence of separator selection 
on the overall performance and safety of lithium batteries: highly tortuous, less porous 
separators are favourable in suppressing dendrite growth and contact between 
electrodes that can cause short circuits; however, such separator structure does not 
promote high rate capability and fast ion transport.    
The cycling performance of the graphite/Li half-cell is presented in Figure 
5.7(a). After 135 cycles, the graphite/Li half-cell showed a 51 % drop in capacity. The 
apparent capacity fade seems typical of cells containing Li electrodes, as repeated 
cycling of Li electrodes leads to continuous SEI layer formation, causing significant 
Coulombic efficiency losses, lithium consumption, and increased cell impedance [267]. 
The mossy lithium deposited on the metallic Li electrode surface forms a 
porous, micro-structured layer that gradually penetrates through the microfiber 
separator. As shown in Figure 5.8, the volume and thickness of the mossy Li layer 
increase as cell cycling progresses. The mean thickness of the mossy layer measured 
from the surface of the metallic Li electrode after 10 cycles was 35 µm. After 70 cycles, 
the mossy layer thickness increased to 130 µm (with 65 µm of the mossy layer 
penetrating the microfiber separator) and eventually to 180 µm (with 100 µm of the 
layer penetrating the microfiber separator) after 135 cycles. Moreover, the thickness 
and volume of the residual (unreacted) lithium electrode is seen to decrease as the cell 
cycling progresses. These observations are in good agreement with Lopez et al. [241] 
who, using scanning electron microscopy, identified the presence of a thin dendritic 
layer (a few micrometres thick) on top of a dense porous mossy layer (several tens of 
micrometres thick) growing above the residual Li metal, and observed that the 
thickness of the micro-structured layers increase significantly with repeated cycling. 
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Figure 5.6. (a) Vertical cross-sections through the tomogram of the half-cell at different cycle 
number. The orange rectangle in the panel at 0 cycles indicates the sub-volume of interest 
extracted in each acquired tomogram for subsequent analysis. The white scale bars represents 
100 μm. (b) Corresponding 3D renderings of the sub-volume of interest highlighted at different 
cycle number, where the separator is shown as green, the mossy lithium phase is shown as 
pink and the non-porous residual lithium layer is shown as yellow. 
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Figure 5.7. Cycle performance of the in-situ graphite/Li half-cell. Red dashed lines mark each 
tomogram acquisition point, and volume renderings of the mossy lithium formed are shown at 
each marked cycle stage. 
Phase volume fraction and pore size distribution information were also 
extracted from the mossy layer in the image reconstructions. Here, the moss volume 
fraction is taken as the fraction of the mossy lithium volume within the analysed 
sample volume, and pore size calculations were performed only on the porous mossy 
lithium layer using the continuous pore size distribution method [201]. In Figure 5.8, 
the 3D moss volume fraction within the analysed sample volume increases from 0.026 
after 10 cycles to 0.16 after 70 cycles and appears to remain fairly constant at 135 
cycles. However, after a 2D slice-wise examination of the moss volume fraction using a 
stereological relationship [268], a decrease in slice-wise volume fraction of the Li moss 
is observed along the z-height (through-plane direction) of the sample volume 
between 70 and 135 cycles, as shown in Figure 5.9. This decrease can be attributed to 
the increase in porosity of the mossy layer with repeated cycling. In the tomogram 
taken after 70 cycles, the porous nature of the mossy layer was revealed with a 
measured porosity of 13.4 % which increased to 39 % after 135 cycles. Porosity 
information on the mossy layer was not extracted after 10 cycles, as the porous nature 
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of the mossy microstructure could not be sufficiently resolved at the employed 
imaging length scale. 
 
 
Figure 5.8. Variation in 3D moss volume fraction, average thickness and specific surface area of 
the entire porous mossy lithium layer with cycle number.  
 
 
Figure 5.9. Slice-wise variation of Li moss volume fraction along the Z-axis direction (sample 
volume depth) at different cycle number. 
Moreover, the pore size distribution information extracted from within the 
mossy layer, which is presented in Figure 5.10, shows that there is a clear increase in 
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the pore size within the mossy lithium layer, with the average pore size increasing 
from 3.1 µm to 5.3 µm between 70 and 135 cycles. The observed increase in porosity 
and pore size could be attributed to occurrence of heterogeneous dissolution within 
the mossy microstructure during repeated charge cycling, which could also lead to the 
formation of electrically isolated Li [269]. The pore sizes obtained are in good 
agreement with previous research [241]. Also, the specific surface area of the mossy 
lithium microstructure is seen to increase with cycling in Figure 5.8, which can be 
related to the increase in porosity and pore size within the mossy layer. 
 
Figure 5.10. Pore size distribution within the porous mossy lithium layer at 70 and 135 cycles. 
Pore size distribution was calculated using the continuous pore size distribution method. 
5.5 Conclusion 
The morphological changes that occur at the surface of lithium metal 
electrodes in rechargeable lithium batteries have been characterised in-situ and 
operando with X-ray tomographic imaging using both synchrotron and laboratory 
based X-ray sources. Operando synchrotron X-ray CT enabled the real time 3D 
visualization of pit formation at the Li metal surface due to Li dissolution. Time-lapse 
laboratory X-ray CT imaging was used to track the growth of moss-like lithium deposits 
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at the Li electrode surface over longer periods of cycling. The 3D imaging data showed 
the appearance of pit-like holes on the Li metal surface as a result of Li dissolution 
during the first discharge, and the formation of a mossy, micro-structured lithium layer 
that increased in thickness with repeated cell cycling, penetrating the separator in the 
process. The results also highlight the importance of separator morphology in 
controlling or preventing dendrite growth in high tortuosity separators within 
commercial lithium batteries  
Microstructural parameters such as phase volume fraction, pore size 
distribution and specific surface area were used to quantitatively track the evolving 
microstructure of the metal electrode surface. The porosity and specific surface area of 
the mossy lithium layer formed upon repeated cycling are seen to increase with cycle 
number, most likely due lithium dissolution, and further dissolution could lead to the 
formation of electrically isolated lithium and thus reduced cell capacity.   
Analysis of the mass balance of Li between the mossy micro-structured layer 
and the residual unreacted Li layer was not conducted here because the Li metal 
electrode used in this study (3.2 mm diameter) was larger than the X-ray field of view 
(ca. 1 mm wide). However, the aid of an electrode assembly design smaller than the 
employed X-ray field of view, future experiments will look at quantitatively tracking 
the amount of Li consumed during Li dissolution and the amount of mossy Li deposited 
via material balance calculations. 
Although the high flux of the synchrotron pink beam provided sufficient 
resolution and contrast that enabled identification and tracking of surface morphology 
changes within the low attenuating Li metal, beam exposure to the sample led to 
performance degradation. Based on the findings from the synchrotron CT experiments, 
the X-ray radiation dose to the cell samples must be carefully considered to prevent 
material degradation and cell performance losses.  
This 4D microstructural investigation approach using X-rays can also be 
extended to study a variety of electrode materials, especially those that experience 
significant volume changes in microstructure as a result of battery operation, such as 
silicon – which is the focus of the next chapter. 
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Chapter 6 
6 4D Characterisation of Silicon Electrode Microstructures 
using X-ray Micro-CT 
Portions of this chapter are reproduced in part with permission from the 
following publications: “4D analysis of the microstructural evolution of Si-based 
electrodes during lithiation: Time-lapse X-ray imaging and digital volume correlation”, 
J. M. Paz- García, O. O. Taiwo, E. Tudisco, D. P. Finegan, P. R. Shearing, D. J. L. Brett, 
and S. A. Hall, Journal of Power Sources, vol. 320, 196 – 203, Copyright (2016) Elsevier; 
“Microstructural degradation of silicon electrodes during lithiation observed via 
operando X-ray tomographic imaging”, O. O. Taiwo, J. M. Paz- García, S. A. Hall, T. M. 
M. Heenan, D. P. Finegan, R. Mokso, P. Villanueva-Pérez, A. Patera, D. J. L. Brett, and P. 
R. Shearing, Journal of Power Sources, vol. 342, 904 – 912, 2017. Copyright (2017) 
Elsevier. The DVC analysis was performed in collaboration with J. M. Paz-García.  
6.1 Introduction 
Visualization of morphological changes that occur in Si, as well as other 
alloying-type electrode materials, during electrochemical cycling have previously been 
carried out in-situ using two-dimensional (2D) imaging techniques; for example, using 
in-situ transmission electron microscopy [270–273], and in-situ atomic force 
microscopy [12,87,274]. However, three-dimensional imaging using X-ray CT, with the 
aid of both laboratory and synchrotron X-ray sources, can provide further 
microstructural insight as well as a platform for in-situ and operando examination of 
temporal changes in electrode materials resulting from battery operation or failure.  
Recently, Gonzalez et al. [275] performed in-situ visualization of microstructural 
evolution in Si-based electrodes using laboratory X-ray micro-CT at different stages of 
electrode lithiation. In this study, volume expansion and phase transformation could 
be analysed at electrode and particle levels. Also, lithiation-induced delamination of a 
composite Si-based electrode from the current collector was captured using 
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laboratory-based X-ray radiography and tomography by Tariq et al [276]. The higher X-
ray flux achievable with synchrotron X-ray sources [165] leads to significantly faster 
image acquisition times, enabling higher spatial and temporal resolution imaging. 
Therefore, synchrotron CT enables dynamic morphological evolution and degradation 
of materials to be captured in real time; for instance, during continuous battery 
operation. 
In this study, both laboratory and synchrotron X-ray CT was used to track 
microstructural evolution within silicon-based electrodes at different stages during the 
first lithiation process at the electrode and particle levels. Microstructural volume 
changes due to electrode lithiation were quantified using full 3D strain field 
measurements via digital volume correlation (DVC) analysis, and lithiation-induced 
phase transformation and fracturing within individual silicon particles were captured 
and tracked in real time.  
6.2 Electrode preparation and cell assembly 
For the electrode slurry preparation, micron-sized Si powder (< 300 mesh, 99% 
purity), conductive carbon and polyvinylidene fluoride (PVDF) were mixed with N-
methyl-2-pyrrolidone (NMP) in a ULTRA-TURRAX IKA® homogenizer. Two different 
slurries were prepared: for the laboratory X-ray CT study, a slurry mixing ratio of 80 
wt% Si, 10 wt% C and 10wt% PVDF was used, while a mixing ratio of 30 wt% Si, 60 wt% 
C and 10 wt% PVDF was used in the synchrotron study. A smaller Si content was 
employed in the latter to ease the tracking of individual Si particles between successive 
CT images. All chemicals used in the electrode slurry preparation step were procured 
from Pi-KEM Ltd., UK.  
After mixing, the resulting slurry was then coated onto the tip of stainless steel 
current collecting rods (ca. 3.2 mm in diameter); coated rods were placed in a vacuum 
oven at 80 °C to dry for 12 h. The mass of Si within the dried electrode was estimated 
by weighing the current collecting rods before and after slurry coating.  
Half-cells were then assembled in the custom Swagelok setup, in an argon-filled 
glove-box (oxygen and moisture levels in the glove-box were both maintained at < 0.5 
ppm) with a metallic lithium foil counter electrode (Pi-KEM Ltd.), a borosilicate glass 
fibre separator (Whatmann GF-D grade, GE), and electrolyte containing 1M LiPF6 
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dissolved in a mixture of ethylene carbonate (EC) : ethyl methyl carbonate (EMC) in the 
ratio 3:7 by volume.  
6.3 Time-lapse laboratory X-ray CT study of bulk Si electrode during 
lithiation 
X-ray CT imaging was performed on an assembled in-situ Si/Li half-cell using the 
laboratory micro-CT system (ZEISS Xradia Versa 520-XRM).  For this experiment, the 
silicon electrode assembled within the half-cell contained 80 wt % active Si. The half-
cell was partially discharged at successive intervals in 10 consecutive steps at a 
constant rate of 12 mAg-1 (or an applied C/200 rate). Such slow discharge rate was 
employed to allow sufficient lithiation of the relatively thick electrode and large 
particles used and to prevent the occurrence of any side reactions associated with fast 
discharge currents. The first partial discharge step was performed for 10 h after which 
the electrode was lithiated by 3.36%. Consecutive steps had 20 h duration each, and 
the electrode was lithiated by ca. 6.72% in each step. Further lithiation of the cell after 
the tenth step was not possible, most likely due to breakdown of the separator, which 
is discussed later. Figure 6.1 shows the cell potential readings during the gradual 
lithiation of the Si electrode. 
 
Figure 6.1. Discharge voltage profile (blue line) during the galvanostatic lithiation of the Si 
electrode using a constant current of 12 mAg-1. The duration of the first step was 10 h, and 
consecutive steps had 20 h duration. After each partial discharge step, X-ray CT image scans 
were acquired (marked by brown dashed lines).     
A total of 11 X-ray tomography scans of the half-cell assembly were performed 
(one at the initial state and after each of the 10 partial discharge steps) in absorption-
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contrast mode. For each of the scans, the half-cell sample was mounted firmly 
between the X-ray source and a 2k × 2k detector as shown in Figure 3.25(a), with the 
source–detector distance set at 30 mm. An effective pixel resolution of 1.7 μm was 
achieved using a 4× optical magnification. Tomography scans were carried out with an 
X-ray source tube voltage of 45 kV with exposure time of 30 s per projection image, 
and a total of 2001 projection images were collected per scan. The projection image 
datasets were reconstructed using a commercial image reconstruction software 
package (ZEISS XMReconstructor, Carl Zeiss X-ray Microscopy Inc., Pleasanton, USA) 
which employs a filtered back-projection algorithm. 
During lithiation, the Si electrode undergoes chemical transformation (which, in 
X-ray CT images, is associated with changes in X-ray attenuation) and the resulting 
volume expansion of the electrode causes material displacement within the electrode. 
In order to quantitatively analyse the 3D microstructural volume changes in the 
electrode, DVC was applied directly to the reconstructed 3D datasets prior to any 
initial image processing or enhancement steps. DVC analysis was performed using the 
Python-based software, TomoWarp2. A further description of the DVC approach can 
be found in Section 3.6.5. For the DVC calculations, a regular 3D grid with 25-voxel 
node spacing in each direction and a correlation window with a volume of 51 × 51 × 51 
voxels3 (i.e. 86.7 × 86.7 × 86.7 µm3)  were found to perform optimally on the extracted 
sub-volumes.  
Figure 6.2 and Figure 6.3 show, respectively, vertical and horizontal cross-
section images from the acquired tomograms. The tomograms reveal the half-cell 
assembly based on the X-ray attenuation. The lithium metal electrode is captured as 
the dark, low-attenuation layer, while materials with higher density, such as Si particles 
and glass fibre separator, are marked by high greyscale values. 
The lithiation process is clearly accompanied by a significant volume expansion 
of the Si-based electrode. The volume of the electrode at 64.5% lithiation is 
significantly larger than that in the initial state. The separator’s mechanical stability 
contributes immensely to the safety and performance of LIB cells. The huge volume 
changes within the tested half-cell induced rupturing of the separator, which is seen to 
propagate across the top of the separator in Figure 6.4. Further lithiation of the 
electrode beyond 64.5 % could not be achieved within the tested half-cell upon 
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continued galvanostatic discharge due, presumably, to the growth of dendritic lithium 
growth across the ruptured separator, causing a short circuit upon contact with Si 
electrode. 
 
Figure 6.2. (a–f) Vertical cross-sections through the half-cell at different degrees of lithiation. 
Cross sections 6 out of the acquired 11 image volumes are shown. Yellow rectangle in (d) 
indicates the location of the extracted sub-volume used for subsequent DVC analysis.  
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Figure 6.3. (a-c) Horizontal cross sections through the half-cell at different degrees of electrode 
lithiation. Cross-sections from 3 out of the acquired 11 image volumes are shown. Inset images 
indicate the vertical position of the cross-section within image volume. Yellow rectangle in (b) 
indicates the location of the extracted sub-volume used for subsequent DVC analysis. Red 
arrows highlight an inward propagation of the lithiation front towards the central region of the 
cell. 
 
 
Figure 6.4. Cut-through 3D renderings of the half-cell assembly at 0 % and 64.5 % degree of 
lithiation, showing the volume change experienced by the Si electrode and separator rupture 
characterised by crack formation (marked by red arrows). The highly lithiated region within the 
Si electrode is characterised by a decrease in the attenuation of the Si particles (low 
attenuating areas are shown as transparent in the rendered image). 
During the lithiation process, the glass-fibre separator was seen to suffer a 
vertical displacement towards the lithium electrode as a result of the volume 
expansion of the Si-based electrode. Also, the separator was seen to suffer 
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compression particularly towards the middle of the cell, indicating than the volume 
expansion of the Si electrode exceeds the volume of lithium consumed at the lithium 
metal electrode due to oxidation into Li+ ions. Moreover, in Figure 6.3, the lithiation 
front (i.e., the front of decrease in the attenuation within the images) is observed to 
progress in radial direction towards the inner-central part of the electrode. This may 
be as a result of the uneven initial thickness seen across the porous glass fibre 
separator (attributed to the dome-like shape of the Si electrode), indicating a higher 
level of (fibre) compression within the central part of the separator. This initial 
compression effect would create a decrease in the fibrous separator's porosity in the 
central region, and could consequently cause a local decrease of the lithium diffusivity 
in that region, with Li+ ions appearing to go across the separator preferentially through 
the outer, less compressed region. This compression effect within the separator was 
detected by DVC analysis, discussed later on in this section. 
 
Figure 6.5. (a) Evolution of the greyscale intensity histogram of a sub-volume within the Si-
based electrode, capturing changes in attenuation at different states of electrode lithiation. 
Legend highlights the scan number and degree of lithiation of the electrode. Coloured boxes in 
(b) indicate the sub-volumes of the expanding electrode where the greyscale histograms were 
computed. 
Changes in X-ray attenuation within the Si electrode as a result of the lithiation 
process are also clearly observed. As the lithiation takes place, the Si particles react 
with the lithium ions to form lithiated-Si phases (LixSiy) which have lower X-ray 
attenuation and, therefore, appear darker in the tomograms. Figure 6.5 shows the 
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evolution of the greyscale histogram for extracted sub-volumes in each successive 
tomogram corresponding to the same region within the Si electrode (i.e. excluding the 
separator and the lithium foil regions of the Si electrode), taking into account the 
dilation of the electrode. For the original tomogram at 0 % lithiation, a bimodal 
greyscale intensity distribution is seen, where the lower intensity peak at a greyscale 
level of 15,800 corresponded to the electrode matrix (mainly consisting of conductive 
carbon, binder and pores filled with electrolyte) and the high intensity peak at a 
greyscale level of 17,000 was affiliated with the Si particles. The histogram evolution 
during the lithiation process shows a clear decrease of the X-ray attenuation, with the 
intensity peaks shifting towards lower greyscale levels due to the formation of the low-
attenuating lithiated-Si phase.    
 
Figure 6.6. (a) 3D rendering of the extracted sub-volume (from scan 7) used in the DVC analysis 
showing the separator and the Si electrode phase. The boundary of the extracted sub-volume 
is highlighted in Figure 6.2. (b) 3D volumetric strain field and (c) percentage changes in 
greyscale within the same sub-volume between CT scans 6 (ca. 30.9 % lithiation) and 7 (ca. 
37.6 % lithiation). The relationship between the volumetric strain and the local greyscale 
changes between the two sub-volumes is plotted in (d).  
In order to quantify volume changes resulting from the expansion of the Si 
electrode respectively, DVC measurements were performed on sub-volumes with 
dimensions 1000 × 1000 × 500 voxels3 (ca. 2.46 mm3) extracted from the central part 
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of the half-cell assembly [Figure 6.2(d) and Figure 6.6(a)]. Each extracted sub-volume 
includes the Si electrode, separator and a portion of the lithium electrode. 
Confirming the compressive effect that the dilated Si electrode had on the 
fibrous separator as a result of the lithiation process, Figure 6.6(a) shows the 3D 
volumetric strain map obtained from the DVC measurements between two 
consecutive sub-volumes, (from CT image acquisitions 6 and 7, which corresponds to 
electrode lithiation degrees of ca. 30.9 % and ca. 37.6 % respectively). The 3D 
volumetric strain data in this figure was plotted using a blue-white-red color scale, 
where red (positive) strain values indicate expansion and blue (negative) strain values 
indicate compression. 
Using the same two sub-volumes from the DVC strain calculation, the local 
change in greyscale level was also computed. Figure 6.6(c) shows the corresponding 
relative percentage changes in greyscale, where red (positive) indicates an increase in 
the greyscale level between the sub-volumes, and blue (negative) indicates a decrease 
in greyscale level.       
In the upper regions of the 3D fields in Figure 6.6 (b) and (c) (which is the region 
of the separator), mainly negative volume strain and slight increases in greyscale level 
are seen, respectively, both of which are consistent with the observed compression 
and densification of the porous separator in the X-ray tomograms. The lower regions 
of the 3D fields (corresponding to the Si electrode) indicate the presence of positive 
volumetric strain in the lithiated electrode, as well as with a clear decrease in greyscale 
(and X-ray attenuation). Upon relating the local positive volumetric strain 
measurements with the local changes in greyscale intensity within the Si electrode 
only, a linear trend was observed, as shown in Figure 6.6 (d). 
The evolution of the positive volumetric strain within the Si electrode at each of 
the different degrees of lithiation was also tracked. Figure 6.7 shows the positive 3D 
volume strain results from DVC measurements between consecutive pairs of the 
acquired tomograms, within a common extracted sub-volume [Figure 6.6 (a)]. As 
lithiation progresses, volumetric strain is seen to increase locally at different rates 
within the electrode, highlighting the inhomogeneous nature of the lithiation process 
across the bulk electrode. 
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Figure 6.7. (a-f) 3D volumetric strain maps of the Si electrode region generated via DVC 
measurements between consecutive pairs of acquired tomograms (indicated in red brackets). 
Axes of each 3D strain map are in millimetres (mm).  
In Figure 6.8, cumulative values for the volume expansion of the Si electrode 
are plotted as a function of the degree of lithiation. A second-degree polynomial curve 
fitting of the volume change increment data suggests a quadratic relation to the bulk 
electrode lithiation degree. At 64.5 % global electrode lithiation, the volume increment 
was calculated to be ca. 155 %. Extrapolating the second-degree polynomial curve to a 
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100 % (full) lithiation of the Si electrode gives a predicted volume expansion of 350 %, 
which is in good agreement with the volume expansion information previously 
reported in the literature for the complete lithiation of Si electrode [275,277]. 
 
Figure 6.8. Cumulative volume increment of the Si electrode (blue circles, left vertical axis) and 
greyscale changes (right vertical axis) with reference to degree of lithiation. Greyscale changes 
(green squares) within the electrode sub-volume were computed directly using the global 
intensity histograms in Figure 6.5 (a). 
Figure 6.8 also shows the cumulative values for greyscale changes in the 
electrode with increased lithiation. Greyscale intensity change calculations were 
performed using the global intensity histograms in Figure 5.6 (a), and were seen to 
show a linear trend with respect to the degree of lithiation.     
6.4 Operando synchrotron X-ray CT of Si electrode particles during 
lithiation 
To examine how the 3D microstructure and morphology of micron-sized Si 
particles gradually evolved during battery operation, operando X-ray CT imaging was 
conducted. For this experiment, the electrode fabrication and half-cell assembly 
procedures were identical to that described in Section 6.2; the only exception was that 
the mass loading of Si within the electrode was set to 30 wt. % in order to ease 
individual particle tracking and feature extraction from the resulting tomography data.  
Operando X-ray CT imaging was performed at the TOMCAT beamline of the 
Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland) which enables fast, 
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non-invasive imaging at sub-micron resolution [229]. The experimental setup for the 
operando tomographic imaging is shown in Figure 6.9(a). An assembled Si-Li half-cell 
was mounted on the sample stage as shown in Figure 6.9(b) to enable galvanostatic 
cell discharge whilst simultaneously acquiring tomographic images. 
The half-cell was imaged in a 17 keV parallel monochromatic X-ray beam with a 
field-of-view (FOV) of 1.6 mm × 1.4 mm, corresponding to half the size of the cell 
assembly. At the TOMCAT beamline, this FOV is associated with the 10× optical 
magnification mode of the X-ray microscope. The sample stage rotation axis was 
positioned at the edge of the FOV, such that it was possible to capture the entire cell 
assembly by a full 360° rotation. 3001 projection images were acquired during the 
rotation of the sample about its long axis, through angular steps of 0.12° with an 
exposure time of 110 ms for each projection image. 
The transmitted X-rays illuminated a 20 μm thick LuAG:Ce scintillator (Crytur 
Ltd., Turnov, Czech Republic), producing visible light which was focused onto a 
PCO.Edge camera with a high-speed CMOS detector. A scan time of 5.5 min per 
tomogram was achieved with an effective voxel size of 650 nm, a significant 
improvement in both temporal and spatial resolution to previous laboratory-based X-
ray tomography studies on Si electrodes [275]. 
Galvanostatic cell discharge was performed using a potentiostat (Ivium 
Compactstat, Ivium Technologies, Netherlands). Tomograms of the entire electrode 
were acquired every 18 min during galvanostatic discharge at a rate of 50 mAg-1 
(estimated at C/72 C-rate based on the mass of active material within the sample). At 
this discharge rate, the lithiation kinetics, and thus microstructural dynamics of Si, was 
slow enough to be effectively captured in successive tomograms, and negligible 
material displacement was observed at the employed imaging frequency. However, 
only partial lithiation of the electrode was achieved in the limited synchrotron 
beamtime available.  
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Figure 6.9. (a) Schematic illustration of the experimental setup at the TOMCAT beamline. (b) 
Optical image of the in-situ cell set up for operando synchrotron X-ray imaging.  
A total of 72 datasets were collected, involving 3001 projections in 16-bit image 
stacks in TIFF format. Each projection image was corrected with the respective dark- 
and flat-field image, and single-image phase and intensity extraction was applied to all 
projection images with the aid of the Paganin phase-retrieval algorithm [278]. 3D 
reconstruction of the data was achieved using the gridrec algorithm [230]. 
Following the electrode-level microstructural investigations using time-lapse 
laboratory CT, operando synchrotron X-ray imaging was used to track the dynamic 
evolution of bulk Si particles within the composite electrode during the first lithiation 
stage. 
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Figure 6.10. (a) Vertical cross-section through X-ray tomogram, showing the entire cell 
assembly. (b) Transverse cross-section through the X-ray tomogram, showing the Si composite 
electrode. 
Vertical and horizontal cross-sections through an X-ray tomogram of the half-
cell assembly prior to electrochemical testing are presented in Figure 6.10; the 
horizontal section intersects the cell at the level of the Si electrode. The dense Si 
particles can be differentiated from the conductive matrix and electrolyte/pore phases 
by their higher X-ray attenuation, and were thus isolated via threshold segmentation 
before rendering in 3D. On close inspection of the electrode volume rendering [Figure 
6.11(d)], the non-uniform shape distribution of the Si microparticles can be seen. 
Figure 6.11(c) shows the volume distribution of Si microparticles within the 
electrode prior to any electrochemical reduction, with particle count plotted against 
particle volume (x axis is plotted with logarithmic scale). The electrode sample shows a 
high frequency of small sized Si microparticles and measured particle volumes ranged 
between 6.60 µm3 and 11 × 104 µm3. Assuming spherical shaped particles, these 
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volumes would correspond to equivalent minimum and maximum particle diameters 
of 2.33 µm and 60.1 µm, and a mean particle diameter of 11.7 µm. 
 
Figure 6.11. (a) 3D rendering of the thresholded tomogram showing dense Si particles within 
the composite electrode before cell discharge. (b) Zoomed-in image of rendered particles 
shows their non-uniform shape distribution. (c) Si particle volume distribution within the entire 
electrode before cell discharge. Inset: volumetric distribution at volumes greater than 1 × 104 
µm3. 
Figure 6.12 shows the voltage versus time plot of the half-cell discharge. During 
the course of the galvanostatic discharge of the pristine Si/Li half-cell (ca. 22 hours), 
the entire Si electrode undergoes partial lithiation (ca. 30 % lithiation), reaching a 
specific discharge capacity of 1094 mAhg-1 out of an achievable 3579 mAhg-1 for the 
given electrode material.  Time-lapse videos of the partial electrode lithiation were 
made from both the radiography and reconstructed image slice sequences, and can be 
found in www.sciencedirect.com/science/article/pii/S0378775316317736. To track 
changes within the half-cell assembly, 12 of the 72 tomograms acquired during 
discharge were selected (marked by red dots in the plot in Figure 6.12). 
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During cell discharge, the irregular-shaped Si microparticles in the electrode 
sample showed varying initial microstructural responses to lithiation-induced stresses, 
such as phase transformation and fracturing. These varying structural responses were 
identified by selecting some of the largest Si microparticles within the composite 
electrode and tracking their temporal evolution during the lithiation process. From 
here on, the tomograms are referred to by time-stamps as referenced to the 
electrochemical cycling data in Figure 6.12.  
 
Figure 6.12. Galvanostatic discharge profile of the Si/Li half-cell at a constant rate of 50mAg-1. 
12 of the 72 tomographic scans taken at different stages during discharge (marked by red dots) 
are selected for subsequent analysis. 
Between 1036 min and 1314 min, the X-ray tomogram sections of the particle 
in Figure 6.13(a) show an uneven, inward growth of a low attenuating front from the 
surface of particle surface. This low attenuating layer is associated with the formation 
of the low density LixSiy phase upon electrochemical lithiation of Si via a two-phase 
mechanism on the surface of the crystalline Si [112,279,280], forming a core-shell like 
structure. The non-uniform growth of the low attenuating LixSiy layer observed around 
the crystalline Si particle can be explained by a number of experimental and modelling 
studies that have shown that the growth of the lithiated silicon phase is anisotropic 
due to lithiation occurring preferentially in a particular crystal plane direction [281–
284]. An intensity line scan performed across the crystalline Si, lithiated Si and the 
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surrounding conducting matrix in the X-ray tomogram section at 1314 min [Figure 
6.13(d)] shows a significant difference in contrast between the high X-ray absorbing 
crystalline Si phase and low absorbing lithiated Si layer, but with less contrast between 
the lithiated phase and the surrounding conductive matrix. This makes threshold-
based segmentation between both low density phases challenging, thus requiring the 
use of other image segmentation approaches such as 3D region growing [285]. 
 
Figure 6.13. (a) X-ray tomogram sections of a selected Si microparticle showing phase 
transformation at the particle boundary as a result of lithiation. (b,c) 3D renderings of the 
particle in (a) at 0 min and 1314 min respectively. The histograms in (d) are the result of an 
intensity line scan [orange line in tomogram section at 0 min and 1314 min in (a)] showing the 
phase transformation at the particle boundary. The yellow, green and grey sections in the 
histograms highlight the crystalline Si, LixSiy and surrounding carbon phases respectively. 
In Figure 6.14, two Si particles adjacent to each other within the electrode were 
tracked. From the X-ray tomogram 2D sections, there is a difference in the 
morphological evolution of these two particles in response to lithiation-induced stress. 
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With progressive lithiation of crystalline Si, surface cracks form due to tensile hoop 
stress development [286,287], and anisotropic volume expansion of the particles 
occurs which leads to stress intensification and eventually fracture at certain locations.  
 
Figure 6.14. The two adjacent particles in (a) respond differently to lithiation stresses: both 
particles experience micro-cracking which eventually leads to the formation of complex crack 
microstructure in the top particle and fracturing in the bottom particle. Pink arrows highlight 
the gradual formation of the low attenuating LixSiy phase. (b,c) 3D renderings of the particle in 
(a) at 0 min and 1314 min respectively 
In the tomogram captured at 1036 min in Figure 6.14(a), the formation of 
micro-cracks is observed in both particles. As lithiation progresses, the main crack in 
the lower particle propagates until particle fracture occurs; however, a complex vein-
like network of micro-cracks forms in the top particle. In the lower particle, formation 
of the low attenuating LixSiy phase appears to take place preferentially on one surface 
parallel to the main crack, as indicated by the pink arrows in the tomograms in Figure 
6.14(a). Choi et al. [288] observed that the nature of micro-crack generation and 
propagation to form complete fractures in crystalline Si was dependent on the crystal 
orientation. Using TEM, they revealed the formation of micro-cracks in crystalline Si 
upon initial lithiation, which subsequently contributed to the formation of a complex 
vein-like network of LixSiy within the crystalline Si matrix, proposing that these micro-
cracks act as fast diffusion paths for lithium, and generate a network of 
interconnecting cracks within the crystalline Si.  
Figure 6.15 shows how different morphologies of micro-cracks form within two 
further Si microparticles over the same lithiation period. At 1314 mins, a more complex 
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network of small multiple cracks is seen in the Si microparticle in Figure 6.15(a), while 
longer and wider cracks are seen in the Si microparticle in Figure 6.15(d).  
 
 
Figure 6.15. Micro-crack initiation and propagation in selected Si microparticles. X-ray 
tomogram cross sections show that micro-cracks could initially propagate within a Si 
microparticle to form a complex network of small cracks as in (a) or form longer and wider 
cracks as in (d). 3D renderings show the crystalline Si phase in particles (b,e) before lithiation 
and (c,f) after lithiation. 
It is noteworthy that the varied structural responses observed amongst the 
highlighted individual Si microparticles could be due to any of (or a combination of) the 
following factors: anisotropic kinetics of the lithiation process at the Si/LixSiy interface, 
presence of manufacture-induced surface defects prior to electrochemical reduction, 
formation of lithiation-induced defects that provide faster Li+ diffusion pathways, or 
the quality of electrical contact between active particles and the conducting phase. 
At the imaging resolution employed, no size-dependent fracturing was 
observed amongst the Si microparticles within the electrode upon lithiation. However, 
higher resolution in-situ TEM imaging studies have shown that there exists a critical 
particle size above which fracturing occurs during lithiation and delithiation, and it is 
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seen to be typically ca. 150 nm in Si nanoparticles [286] and ca. 250 nm in Si nanowires 
[289]. Such critical particle size investigations could not be confirmed with the imaging 
resolution used here, but could be attempted using nanometre-scale X-ray CT. 
However, a number of large Si microparticles in this study were observed to not 
display severe fracturing over the course of the lithiation process; the particle captured 
in Figure 6.13(a) is a typical example. 
The extent of particle lithiation as a function of distance from electrode current 
collector was also examined. Overall, it was observed that Si particles closest to the 
electrode-separator interface experienced the most morphological change upon 
lithiation of the electrode, whereas particles furthest from the separator showed little 
or no transformation during the cell discharge – this is consistent with ionic transport 
limited processes. Figure 6.16 and Figure 6.18 show the morphological evolution of 
two large particles (labelled as Particle A and B) selected from the centre region of the 
electrode layer tracked over the lithiation process. A region of interest surrounding 
Particle A is cropped from the top of the composite electrode, just below the separator 
while Particle B is cropped above the surface of the Si electrode current collector. The 
changes in the greyscale intensity (which is directly proportional to X-ray attenuation) 
within the cropped region of interest containing each particle was also tracked over 
the course of the cell discharge. Compared to Particle A, Particle B experienced 
minimal morphological and attenuation changes as a result of the lithiation process, 
which suggests that particle lithiation within the electrode in this study is limited by Li+ 
transport, and not by electronic conductivity. The morphological evolution of Si phase 
in the two SiMPs upon lithiation is shown in 3D as a time-lapse movie which can be 
found in www.sciencedirect.com/science/article/pii/S0378775316317736.  
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Figure 6.16. Morphological evolution of Particle A during electrode lithiation. Particle A is 
located very close to the lithium source (just below the separator). Blue arrow indicates point 
of crack initiation, yellow arrows highlight gradual Si phase transformation at the particle 
boundary. 
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Figure 6.17. Evolution of the greyscale intensity histogram of the cropped region of interest 
containing Particle A (Figure 6.16) during the lithiation process. Inset: change in average 
greyscale intensity of the region of interest during cell discharge. 
 
Figure 6.18. Morpholoigcal evolution of Particle B during electrode lithiation. Particle B is 
located at the surface of the electrode current collector.  
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Figure 6.19. Evolution of the greyscale intensity histogram of the cropped region of interest 
containing Particle B (Figure 6.18) showing little change during the lithiation process. Inset: 
change in average greyscale intensity of the region of interest during cell discharge. 
As the cell discharge progresses, Particle A gradually lithiates, with micro-crack 
formation seen at 994 min [marked by the blue arrow in Figure 6.16(a)]. The crack then 
propagates up until complete particle fracture occurs, with the particle breaking down 
into smaller fragments. The fracture process could cause a loss of electrical contact 
between the active Si surface and the conductive matrix, and increase the crystalline Si 
surface area for additional SEI formation. Growth of the weakly attenuating LixSiy 
phase appears to initiate locally (at 1036 min) and spread along the particle surface 
[marked by yellow arrows in Figure 6.16(a)]. The increase in magnitude of the 
greyscale intensity peak and the slight peak shift to even lower greyscale values seen in 
Figure 6.16(b) can be associated with lithiation-induced phase transformation within 
and around Particle A. A significant decrease in the average greyscale intensity is seen 
to occur in the region of interest around Particle A (Figure 6.17 inset). This also shows 
evidence of phase change within the conductive matrix surrounding the main particle 
as well as the occurrence particle crack formation. 
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Figure 6.20. Change in volume specific surface area of the crystalline Si phase for Particle A and 
Particle B as a function of electrode specific capacity. 
Change in volume-specific surface area of the crystalline Si phase in both 
sampled particles was tracked as a function of cell discharge and is shown in Figure 
6.20. The sudden increase in volume-specific surface area of the dense Si phase in 
Particle A after 759 min can be associated with particle fracturing seen in Figure 6.16 
which leads increase in exposed Si surface. Minimal surface variation was observed in 
Particle B over the course of the cell discharge.  
6.5 Conclusion 
In this study, 4D microstructural evolution occurring within Si/Li half-cells 
during electrochemical discharge was visualized and quantified. Time-lapse in-situ 
laboratory X-ray CT, in combination with DVC analysis, was used to track and quantify 
lithiation-induced microstructural volume changes within the bulk Si electrodes. The 
extent of lithiation of silicon electrode was been measured in 3D from the greyscale 
changes of the acquired tomography images. 3D volumetric strain was observed to 
increase locally at different rates, highlighting the inhomogeneous nature of the 
lithiation process across the bulk electrode.  
With higher spatial resolution using synchrotron X-rays, operando 3D X-ray 
imaging enabled visualization of phase transformation and fracturing in individual 
silicon microparticles. Selected Si microparticles showed varied structural responses to 
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lithiation-induced stresses by surface growth of low-absorbing LixSiy phase and 
developing micro-cracks which propagate and lead to particle fracture. Particles 
closest to the separator surface (or to the Li+ source) underwent the most lithiation 
and experienced severe fracturing, indicating that the lithiation in the composite 
electrode under study is not limited by electronic conductivity, but by the diffusion of 
Li+ ions through the electrode layer. In the following chapter, These Si particle level 
investigations are further extended using even higher resolution X-ray CT imaging.  
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Chapter 7 
7 X-ray Nano-Tomography Characterisation of LIB 
Electrode Microstructures 
Portions of this chapter are reproduced in part with permission from “The use 
of contrast enhancement techniques in X-ray imaging of lithium–ion battery 
electrodes”, O. O. Taiwo, D. P. Finegan, J. Gelb. C. Holzner, D. J. L. Brett, and P. R. 
Shearing, Chemical Engineering Science, vol. 154, pp. 27–33, Copyright (2016) Elsevier. 
 
7.1 Introduction 
The capability of X-ray CT has been demonstrated at the micrometre length 
scale earlier in Chapters 4, 5 and 6. X-ray microtomography systems can achieve true 
spatial resolutions around 1 µm [290]. However, with the introduction of nano-scale X-
ray CT systems, even finer resolutions can now be achieved. The implementation of X-
ray optics has been largely responsible for the improvements in X-ray CT resolution 
observed in recent years: for instance, systems with zone plate lenses can achieve 
spatial resolutions better than 50 nm on suitable specimen [291]. Such high resolution 
can be applied to the study of nano-sized materials and sub-micron features within 
micron-sized materials.   
In this chapter, two different microstructural studies employing X-ray 
nanotomography are reported. In the first study, X-ray nanotomography is used to 
investigate the morphological changes in micron-sized silicon electrode particles due 
to repeated electrochemical cycling. The second demonstrates an approach for 
obtaining improved nano-scale image contrast on a laboratory X-ray microscope by 
combining information obtained from both absorption–contrast and Zernike phase-
contrast X-ray images.     
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7.2 Characterisation of microstructural evolution of Si-based 
electrodes using X-ray nano-CT  
During the first lithiation stage, Si undergoes huge volume changes which 
induce both structural and material degradation within the electrode; this degradation 
becomes more significant with prolonged cycling. In Chapter 6, micrometre-scale X-ray 
CT was used to capture the 3D microstructural changes in bulk silicon electrodes 
during the early stages of battery operation, achieving spatial resolutions around 1–2 
µm. With X-ray nanotomography (nano-CT), even higher spatial resolution can be 
achieved (down to a tens of nanometres), facilitating detailed microstructural 
investigations at the nanometre scale. However, at such length scale, designing in-situ 
electrochemical setups for microstructural evolution studies is non-trivial, often 
leading to the use of ex-situ nanotomographic analysis [9,33]. Moreover, the in-situ 
cell used in the previously reported experiments in this work was designed more to 
accommodate micrometre scale investigations.         
In this study, the morphological changes in micron-sized silicon particles due to 
electrochemical cycling are examined. Electrode samples made from micron-sized Si 
particles were repeatedly cycled and their 3D microstructure was subsequently imaged 
ex-situ using laboratory X-ray nano-CT. 
7.2.1 Materials and methods 
7.2.1.1 Electrode preparation and cell assembly 
In order to enable the examination of a more statistically representative 
electrode sample volume within the limited X-ray field-of-view of the nano-CT 
instrument, powdered Si with relatively smaller-sized microparticles (Elkem Silgrain e-
Si, d50 3.1 μm, 99.7 % purity) – compared to that used in the micro-CT studies in 
Chapter 6 – was used as active material for the preparation of Si electrodes. Carbon 
black (Alfa Aesar, Acetylene Black, purity, 99.9+ %) and graphite (TIMREX SF56, purity 
99.93 %) were used as conductive agents and a sodium salt of polyacrylic acid (Na-
PAA) as binder. The binder was prepared by dissolving PAA in de-ionised water and 
then partially neutralizing the solution with sodium carbonate. Further details of the 
binder preparation can be found in [292].  
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The powdered Si, carbon black, graphite and the partially neutralized Na-PAA 
solution (in a percentage weight ratio of 70:10:6:14, respectively) were mixed with de-
ionised water, and stirred using a high shear mixer (Primix Homodisper Model 2.5) for 
30 mins. Electrode laminates were then created by casting the resulting electrode 
slurry onto 10 μm thick Cu foil (Oak Mitsui, electrodeposited) using a film applicator 
(RK PrintCoat Instruments, UK), with partial vacuum applied to the Cu foil and a doctor 
blade gap set to 100 μm. Slurry-coated Cu foils were dried on a hot plate at 80 °C for 2 
mins followed by vacuum drying at 70 °C for 12 h. The dried electrode laminates were 
cut into 10 mm diameter discs, each of which was weighed in order to obtain the mass 
loading of Si.   
Half-cells were fabricated using PFA-type Swagelok hardware (PFA-820-6, 0.5 
inch diameter, Swagelok, USA) in an argon-filled glove-box (oxygen and moisture levels 
in the glove-box were both maintained at < 0.5 ppm) with a metallic lithium foil 
counter electrode (Pi-KEM Ltd, cut to 11 mm diameter), a borosilicate glass fibre 
separator (Whatmann GF-D grade, GE, cut to 12 mm diameter), and electrolyte 
containing 1M LiPF6 in mixture of ethylene carbonate (EC) : ethyl methyl carbonate 
(EMC) in the ratio 3:7 by volume.  
7.2.1.2 Electrochemical characterisation 
Electrochemical cycling of assembled Swagelok cells was performed at room 
temperature using a Maccor 4300 series battery cycler between 1 – 0.005 V vs Li/Li+. 
Cells were selected to be cycled for 1, 10 and 100 cycles. A C/5 rate was used for Si 
electrodes cycled for 1 and 10 cycles. For electrodes cycled for 100 cycles, the first 
cycle was performed at a C/5 rate to promote SEI formation, and subsequent cycles 
were performed at a C/2 rate. The C-rates were calculated based on the theoretical 
capacity of Si at room temperature (Q = 3579 mAhg-1). 
7.2.1.3 SEM and ex-situ X-ray nano-CT  
After electrochemical testing, the cells were then carefully disassembled in the 
argon-filled glove box. The Si electrodes (in delithiated state) were carefully extracted 
from the disassembled cells and then thoroughly rinsed in pure diethyl carbonate 
(DEC) solution for 6 h to remove traces of electrolyte. The washed electrode was dried 
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by storing it in a vacuumed antechamber of the glove box at room temperature to 
remove any DEC present.  
Both the pristine (uncycled) and the washed, cycled versions of the Si electrode 
sample were then dissected under a visible light microscope into smaller sample sizes 
suitable for nanoscale X-ray CT imaging and mounted onto the tip of stainless steel 
needles using epoxy resin. Remaining portions of the pristine and electrode were 
reserved for SEM characterisation. Scanning electron micrographs of electrode sample 
in its pristine and cycled states were captured with the aid of a ZEISS EVO MA 10 
microscope. 
X-ray nano-CT was conducted on the electrode samples using a laboratory-
based XRM system (ZEISS Xradia 810 Ultra, Carl Zeiss Microscopy Inc., Pleasanton, 
USA) in absorption–contrast mode. For each investigated sample, X-ray radiographs 
were acquired over a 180° sample rotation in small successive angular increments. 
Details of the tomographic imaging parameters for each sample are presented in Table 
7.1. The acquired radiograph images were then reconstructed with the aid of the ZEISS 
XMReconstructor software (Carl Zeiss X-ray Microscopy Inc., Pleasanton) which 
employs a filtered-back projection algorithm.  
Table 7.1. Nano-XRM image acquisition details 
 Pristine 1st cycle 10th cycle 100th cycle 
Field of view dimensions 65 µm x 65 µm 
Detector binning 1 
No. of radiographs recorded 1601 2001 2001 2001 
Radiograph exposure time (s) 23 15 20 14 
Effective voxel size (nm) 63.1 
Photon energy (keV) 5.4 
 
7.2.2 Observing cycling-induced microstructural changes in Si electrodes  
The cycling behaviour of the silicon electrode material over a 100 charge-
discharge cycle period is shown in Figure 7.1. A discharge capacity of ca. 2700 mAhg-1 
was obtained in the first cycle but this sharply drops to ca. 1460 mAhg-1 in the second 
cycle. This significant capacity loss after the first cycle is attributed to the formation of 
SEI on the surface of the silicon electrode particles. The capacity slightly recovers to 
over 1600 mAhg-1 after the fifth cycle, and remains relatively stable until the 15th cycle 
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after which a steady decline in electrode performance is seen with progressive cycling. 
This result indicates that the cycling-induced electrode volume expansion and 
contraction effect on the electrical connectivity between the Si particles and the 
conductive matrix is more significant in the first cycle than in subsequent cycles. The 
Coulombic efficiency (CE) was calculated as the percentage ratio of the electrode’s 
delithiation capacity to its lithiation capacity. As the SEI layer on LIB electrodes 
matures and its growth slows down with cycling, the CE is expected to increase and 
then stabilize shortly after the first few cycles [293]. The CE of Si was 93.3 % in the first 
cycle, and it is seen to increase and then stabilize above 98 % after 20 cycles.         
 
Figure 7.1. Discharge capacity and Coulombic efficiency versus cycle number for the Si 
electrode.  
Figure 7.2(a-d) shows the top-view SEM images of the surface morphology of 
the silicon electrode in its pristine state (before cycling), after the 1st cycle, after the 
10th cycle, and after 100th cycle. In Figure 7.2(a), the individual silicon particles can be 
easily identified by their detailed sharp edges and flat facets. After 1 cycle (Figure 
7.2b), the electrode still maintains its integrity; however, the sharp edges and faces 
become less prominent as a result of the SEI layer formation and volume changes. The 
surface film is becomes more significant after 10 cycles (Figure 7.2c), along with the 
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occurrence of cracks propagating across the electrode surface. The SEM image taken 
after 100 cycles shows severe fracturing of electrode particles into smaller fragments.   
 
Figure 7.2. SEM images of the silicon electrode (a) in its pristine state (b) after 1 cycle, (c) after 
10 cycles, and (d) after 100 cycles.  
In order to gain further insight into the morphological evolution of the Si 
electrode material, 3D nano-scale X-ray tomography was also performed on the 
pristine and cycled electrodes. Within each acquired tomogram, a volume of interest 
(36 µm × 27 µm × 26 µm) was extracted for further analysis. Figure 7.3 shows greyscale 
image cross-sections through the X-ray tomograms of the Si electrode before cycling, 
after 1, 10 and 100 cycles. In order to facilitate the comparison between the different 
tomograms, the greyscale intensity histogram of each X-ray tomogram was normalized 
with respect to the initial tomogram of the pristine electrode. Within the pristine 
electrode (Figure 7.3a), the Si particles are clearly distinguished by their higher X-ray 
attenuation as the bright, irregular-shaped regions with no visible cracks or fracturing. 
The darker, less attenuating region surrounding the Si particle corresponds to the 
porous matrix containing the conductive material and binder phases.  
Following the 1st cycle, Figure 7.3b, significant cracking can be seen to occur 
within the Si particles (denoted by yellow arrows) as a result of volume change caused 
by lithiation and delithiation processes. In addition to particle cracking, the Si particles 
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begin to lose the (greyscale) intensity around their edges, with the presence of a 
relatively low intensity phase observed around the outer surface of the particles. This 
decrease in greyscale intensity directly correlates with a decrease in X-ray absorption 
or a change in material density [275]. The formation of the low attenuating phase can 
be attributed to the phase transformation that occurs due to the alloying of Li and Si, 
as well as the significant formation of SEI-based products from electrolyte breakdown. 
Excessive SEI formation in Si electrodes can be controlled through the use of 
electrolyte additives [93,94].  
After 10 cycles (Figure 7.3c) and 100 cycles (Figure 7.3d), numerous Si particles 
appear to have further undergone phase transformation and volume change, and this 
is accompanied by a significant increase in the low attenuating phase surrounding the 
remaining Si fragments. However, at 100 cycles, the region that was imaged within the 
electrode appeared to have darker attenuating regions (highlighted by blue arrows) 
which could be attributed to the bulk fracturing and material displacement within the 
electrode matrix as a result of repeated volume change during progressive cycling. This 
could influence the electrical contact of some Si particles within the bulk electrode, 
causing their isolation from the conductive matrix and could contribute to the loss in 
electrode capacity.   
The evolution of the 3D structure of the Si electrode was also visualized with 
the aid of 3D renderings of the electrode. Figure 7.4 shows a 3D rendering of the Si 
phase within the electrode prior to any cycling. The Si particles (colored in yellow) 
were rendered after threshold segmentation of the highly attenuating Si particles 
shown in Figure 7.3, while the rest of the electrode matrix (conductive carbon, binder 
and pore phases) were set to be invisible.  
 
X-ray Nano-Tomography Characterisation of LIB Electrode Microstructures 
 
143 
 
 
Figure 7.3. Cross-sections through X-ray tomograms of the Si electrode (a) in its pristine state, 
(b) after 1 cycle, (c) after 10 cycles, and (d) after 100 cycles. The yellow arrows in (b) highlight 
fracturing in the bulk Si particles while the blue arrows in (d) highlight possible voids formed 
from fracturing and material displacement due to repeated electrode volume changes.   
 
 
Figure 7.4. 3D rendering of Si phase in the pristine electrode. 
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3D renderings of the electrode, including individual renderings of the Si and low 
attenuating phases, after 1, 10 and 100 cycles are presented in Figure 7.5 – Figure 7.7. 
With progressive cycling, continuous lithiation-induced phase transformation of Si, as 
well as SEI layer growth, occurs which is associated with formation of the low 
attenuation phase (colored in green). As a result, there is a significant reduction in the 
volume fraction of the Si phase in the analyzed electrode volume, from 21.30 % in its 
pristine state to 3.65 % after 100 cycles (Table 7.2). The specific surface area of the Si 
phase is seen to increase between the analysed 3D volumes from 2.86 µm-1 in the 
pristine electrode to 4.29 µm-1 after 1st cycle; this change can be associated with the 
increased Si surface area exposed due to particle fracturing upon volume expansion. 
The surface area drops slightly in the examined electrode volume at 100 cycles to 3.45 
µm-1 most likely due to a lesser volume fraction of Si particles / fragments present. 
 
Table 7.2. Morphological parameters extracted from the 3D reconstructions of the electrode 
before and after cycling.   
Cycle 
number 
Phase volume fraction (%)  Pure Si specific 
surface area (µm-1) Pure Si phase Low-attenuating phase 
0 21.30 - 2.86 
1 5.84 44.10 4.29 
10 5.48 79.92 4.36 
100 3.65 46.01 3.45 
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Figure 7.5. 3D rendering of the (a) Si phase, (b) low-attenuating phase, and (c) both phases 
combined after 1 cycle. The low attenuating phase made transparent in (c). 
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Figure 7.6. 3D rendering of the (a) Si phase, (b) low-attenuating phase, and (b) both phases 
combined after 10 cycles. The low attenuating phase made transparent in (c). 
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Figure 7.7. 3D rendering of the (a) Si phase, (b) low-attenuating phase, and (c) both phases 
combined after 10 cycles. The low attenuating phase made transparent in (c). 
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7.2.3 Conclusion 
Upon cycling, Si electrodes experience significant degradation in their 
electrochemical performance which can be related to changes within the electrode 
microstructure. Here, X-ray nano-tomography was used to investigate the cycling-
induced morphological evolution of the 3D microstructure of a Si-based electrode. 
Fracturing and phase transformation of Si particles within the electrode material were 
highlighted. The evolution of morphological parameters such as phase volume fraction 
and specific surface area as a result of the electrode cycling were quantified in 3D. 
Such high-resolution nanometre-scale X-ray imaging provides opportunities to obtain 
better understanding of the electrochemically induced degradation mechanisms in 
lithium-ion batteries.   
7.3 Contrast enhancement techniques in X-ray imaging of LIB 
electrodes 
Tomographic imaging has been used to examine battery cathode materials at 
multiple length scales [24]; however, for low atomic number (low-Z) anode materials 
(e.g. graphite), conventional tomographic imaging approaches have some limitations. 
For instance, the Ga+ focused-ion beam interacts with graphitic structures, often 
resulting in highly non-uniform surface milling. Moreover, with conventional 
absorption contrast X-ray imaging, it is difficult to obtain high-contrast images due to 
the extremely small X-ray absorption coefficients of low-Z materials, especially at the 
nanometre length scale. 
The proliferation of phase-contrast X-ray imaging modalities [168–172] has 
helped enhance contrast in X-ray images of weakly absorbing materials by utilizing 
phase shifts across the incident X-ray beam. For nanoscale imaging in particular, 
Zernike phase contrast X-ray imaging has been used to improve the contrast in CT 
images of graphite anodes [294] and of the conductive additive-binder phase in a LIB 
cathode [295], enhancing the visibility of sub-micron features of interest within the 
electrode materials. Unfortunately, Zernike phase-contrast tomography on low-Z 
materials produces artifacts, such as “halos” and “shade-offs” [296], which preclude 
the use of traditional image segmentation techniques that employ a single value 
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threshold; however, images laden with such artifacts may be restored with use of 
algorithms which model the phase contrast optics [297]. 
In this section, a combined contrast approach was developed and applied to 
characterise the three-dimensional microstructure in a graphite-based electrode 
material using image information obtained subsequently from both absorption–
contrast and phase-contrast X-ray CT imaging. Previously, Komini Babu and co-workers 
[295] successfully used Zernike phase-contrast and absorption–contrast X-ray CT 
imaging to separately resolve the active material and carbon-binder phases in a LiCoO2 
cathode material by merging the resulting segmented image data from both X-ray CT 
images with mathematical image operations. Here, however, the combination of 
absorption and phase contrast information from sequential X-ray imaging in a 
laboratory X-ray microscope without prior image segmentation is demonstrated by 
blending and optimising the weighting of the signal from both X-ray images in order to 
create a final enhanced image with improved contrast. This technique leverages the 
benefits of both phase and absorption imaging: maintaining the fine detail of electrode 
cracks characteristic of phase images with the ease of image analysis of absorption 
imaging, which enables the use of single-threshold image segmentation and minimal 
post-processing of image reconstructions. 
Microstructural investigations at two length scales are also performed: using 
laboratory X-ray micro-CT, to image the bulk electrode and then to identify a region of 
interest for subsequent investigation using nano-scale X-ray CT. For the first time, the 
results of high-resolution studies on a graphite anode material using the unique 
combined phase/absorption approach are presented. 
7.3.1 Materials and Methods 
Graphite electrodes were prepared by mixing graphite powder (TIMREX® SLP30, 
TIMCAL, Switzerland), carbon black (Super P, Sigma Aldrich), and PVDF binder (Pi-KEM) 
in the respective percentage weight ratios 87:3:10 with n-methyl-pyrrolidone (Pi-KEM) 
in an ULTRA-TURRAX IKA mixer (IKA®-Werke GmbH, Germany). The resulting slurry was 
dried at 80 °C under vacuum for 24 hours. Scanning electron micrographs of the 
prepared electrodes were captured with the aid of a ZEISS EVO MA 10 microscope.  
Following electrode preparation, the three-dimensional microstructure of an 
electrode sample was examined using two X-ray tomography platforms: micron-scale 
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X-ray CT and nano-scale X-ray CT, using the laboratory-based ZEISS Xradia Versa 520 
and the ZEISS Xradia 810 Ultra respectively. The coupling of these two systems enables 
multi-scale insight into the microstructure of battery electrodes, which can be used to 
optimise material design and manufacturing for high performance cells. 
3D datasets were collected at 20× magnification in absorption-contrast mode 
using the micron-scale X-ray CT instrument. To obtain a high signal-to-noise ratio, a 
total of 3201 radiographs were acquired over a 360° sample rotation range with an 
exposure time of 40 s per radiograph. The electrode sample was placed between the 
X-ray source and a 2k × 2k detector, with a source-detector distance of 23.6 mm 
providing a voxel resolution of ca. 670 nm with the detector set to 2 × 2 pixel binning.  
After the micron-scale analysis, the graphite electrode sample was then 
carefully dissected with a scalpel under a visible light microscope into smaller samples 
sizes for nano-CT studies. For the nano-scale X-ray CT experiments, both absorption-
contrast and phase-contrast images of the graphite electrode were acquired in the 
“large field-of-view” mode (65 µm × 65 µm in dimension). A total of 1601 projections 
were collected per 180° sample rotation with an exposure time of 3 s for the 
absorption-contrast imaging and 8 s for the phase-contrast imaging. This yielded two 
sets of raw image data, both with an isotropic voxel resolution of ca. 130 nm using a 
detector pixel binning of 2. 
In order to generate a nano-scale dataset of the graphite electrode large 
enough for some microstructural quantification, separate tomography images were 
successively acquired and then vertically stitched together to form taller single 
tomographic image. This enabled imaging of samples which are taller or wider than the 
X-ray instrument’s standard field-of-view. Vertical stitching is a technique which 
enables the combination of multiple 3D datasets from multiple regions along the 
vertical length of a sample. Phase-contrast and absorption-contrast images were first 
collected for each region of interest to achieve contrast-enhanced reconstructions. 
Vertical stitching was then performed using an automated image stitching algorithm 
(Plugin_Stitch.dll) in the ZEISS XMController software. To enable optimum execution of 
the image stitching procedure, a recommended vertical overlap of 15% between the 
field of view of both image scans was applied.  
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The raw transmission images from both micro- and nano-scale X-ray CT imaging 
experiments were reconstructed using the ZEISS XMReconstructor software, which 
employs a commercial filtered back-projection algorithm (Carl Zeiss X-ray Microscopy 
Inc., Pleasanton, CA). Tomographic scan details are shown in Table 7.3. 
Table 7.3. Tomography acquisition details. 
Scan parameter VersaXRM-520 810 Ultra 
Contrast mode Absorption Phase Absorption 
Source voltage (kV) or Photon Energy (keV) 30 kV 5.4 keV 5.4 keV 
Camera binning 2 2 2 
Number of projections 3201 1601 1601 
Radiograph exposure time (s) 40 8 3 
Voxel size (nm) 670 130 130 
Magnification/Field-of-view (FOV) 20X LFOV LFOV 
 
7.3.2 Multi-scale microstructural characterisation 
Scanning electron micrographs of the prepared electrode (Figure 7.8) revealed 
a platelet–like shape of the graphite particles, defects on particle surfaces, particle 
arrangement mostly along the graphite particle basal plane, and a nearly uniform 
particle size distribution. Whilst the micrographs show a wealth of qualitative 
structural information, SEM imaging is limited in its ability to provide accurate 
quantitative information on inherently three-dimensional structural parameters, such 
as tortuosity and pore-phase connectivity – such parameters directly influence the 
performance of the electrode in the cell, thus motivating material microstructural 
studies in three dimensions [7]. 
The reconstructed 3D image volume from the micron-scale X-ray CT imaging 
was segmented using the Avizo software package. The reconstructed volume showed a 
high signal-to-noise ratio due to the large number of projection images [Figure 7.9(a)] 
collected during the CT scan, thus making image segmentation straightforward. Figure 
7.9(b) and Figure 7.9(c) show a single reconstructed greyscale 2D slice of the graphite 
electrode sample and the resulting binary image from segmenting the solid electrode 
and pore phases respectively. A representative region of interest (ROI) was then 
extracted from the full micro X-ray CT 3D dataset by cropping a volume of interest (ca. 
447 mm × 402 mm × 65 mm) which fulfilled representative volume element conditions 
(highlighted in Section 4.2.3) for subsequent analysis.  
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Figure 7.8. Scanning electron micrograph of the prepared graphite electrode. 
 
Figure 7.9. (a) A single X-ray projection image of the graphite electrode material acquired from 
absorption-contrast micron-scale XRM. (b) A single 2D reconstructed slice of a cropped region 
of interest from the micro-XCT graphite 3D greyscale dataset and (c) the resulting binarized 
image. (d) 3D renderings of the binarized dataset (left) and a zoomed-in region showing the 
microstructural detail (right). 
X-ray radiographs from nano-scale CT imaging in absorption and Zernike phase-
contrast imaging modes are presented in Figure 7.10(a) and Figure 7.10(b) 
respectively, and resulting reconstructed slices in Figure 7.10(c) and Figure 7.10(d). 
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From the radiographs, it can clearly be seen that the Zernike phase contrast imaging 
enhances features and edges of the graphite electrode particles compared to the 
absorption-contrast imaging; this is also observed in the reconstructed images. Each 
image has its merits: the phase-contrast image provides more boundary edge contrast 
information, revealing the internal inclusions and cracks in the graphite 
microstructure, while the absorption–contrast image represents density information, 
which is particularly important for reliable, automated image segmentation. In order to 
take advantage of the merits of both imaging techniques, the information from both 
absorption–contrast and phase–contrast images was merged to yield a “combined 
contrast” image; this was performed using image registration and dual–scan analysis 
with aid of the ZEISS Xradia Dual Contrast Visualizer software [298,299].  
Most commonly used in dual-energy imaging (see e.g. [300]), the dual-scan 
analysis software enables blending of the absorption and phase contrast images by aid 
of a two-dimensional intensity histogram, with the goal to preserve the favourable 
contrast behaviour of the two imaging modes: edge enhancement from phase contrast 
and density information from absorption. 
The variations of greyscale intensity across the graphite particles can 
significantly determine threshold segmentation accuracy. The 2D histogram of a line 
profile across a graphite particle in the reconstructed image shown in Figure 7.11 was 
plotted for all three acquired images. With the phase-contrast image, the histogram 
clearly shows that the graphite particle boundary edges can be clearly mapped by the 
presence of distinct intensity fringes (unlike in the absorption-contrast image). 
However, a complete and accurate threshold-based segmentation of the graphite 
particle based solely on the phase information will prove troublesome due to the 
presence of “shade-off” (i.e. due to the similarities in the greyscale intensity within the 
graphite particle interior and exterior).  
The absorption-contrast image, however, shows a substantial attenuation 
contrast distribution between background and the graphite particle, but not as much 
detail on particle defects and boundary edges as the phase-contrast image. As 
highlighted in Figure 7.11, sub-particle defects, visible in phase contrast, are difficult to 
detect from the absorption contrast dataset alone. Combining boundary edge and 
attenuation information from both phase-contrast and absorption-contrast images 
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provides a sufficient distribution of greyscale intensity to ease automated threshold-
based segmentation; whilst maintaining the unique benefits of phase contrast imaging 
to describe physical edges and cracks in the electrode. Image segmentation of the 
combined contrast nano-scale X-ray CT dataset was also performed in Avizo software. 
 
Figure 7.10. A single X-ray projection image of the graphite electrode material acquired from 
(a) absorption-contrast nano-scale X-ray CT, (b) Zernike phase-contrast nano-scale X-ray CT. 
Single reconstructed slices from nano-scale X-ray CT of a small region of interest within the 
graphite electrode (c) in absorption-contrast mode (d) in phase-contrast mode, and (e) after 
combined-contrast enhancement. (f) Resulting volume rendering of the graphite electrode 
region of interest, and (g) after algorithmic particle separation and identification. 
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Figure 7.11. Variation in greyscale intensity across a graphite particle in reconstructed images 
generated from (a) phase contrast imaging, (b) absorption contrast imaging and (c) combined 
contrast enhancement. Improved attenuation information and boundary edge detection is 
achieved with the combined contrast image, easing image segmentation. Red arrows highlight 
particle inclusions and cracks which are visible in Zernike phase-contrast image but not as clear 
in absorption-contrast image. In each graph, the green and red dashed-line mark the average 
greyscale within the graphite particle and background respectively. 
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Figure 7.12. Single reconstructed slices from successive nano X-ray CT scans acquired along the 
length of a larger graphite electrode sample (a) in absorption-contrast mode (b) in phase-
contrast mode. (b) Single reconstructed slice from 3D dataset resulting from vertical stitching 
and contrast blending of the absorption and phase-contrast 3D datasets. A 15 % overlap 
between the successive scans was used to allow optimum operation of the vertical stitching 
procedure. (d) Volume rendering of the fully stitched dataset. (e) Volume rendering after 
algorithmic particle identification. 
A larger and more representative nano-scale 3D dataset (ca. 43 mm × 98 mm × 
41 mm) for subsequent quantitative analysis was obtained by acquiring successive 
tomography images along the length of the sample and then vertically stitching them 
together. Figure 7.12 shows reconstructed slices from two successive fields of view 
along the length of a scanned graphite electrode sample taken in absorption and 
phase-contrast modes. After contrast blending and vertical stitching, the resulting 
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enhanced 3D dataset was segmented using the auto-thresholding tool in Avizo 
software. A volume rendering of the segmented dataset is shown in Figure 7.12 (d).  
Moreover, the improved contrast nano-CT datasets enabled individual particle 
separation and identification to be performed. Particle separation and identification 
was performed using the ‘Separate Objects’ quantification module in Avizo software, 
and Figure 7.10(e) and Figure 7.12(e) show the resulting volume rendering of 
separated graphite particles using the algorithm. Attempts to separate the micro-CT 
dataset into individual particles using the Separate Objects algorithm were not 
successful, with the electrode volume being split electrode volume into large clusters 
of particles at that imaging resolution. 
Quantitative analysis was performed on the micro- and enhanced nano–CT 
datasets to extract microstructural parameters: namely, porosity, volume-specific 
surface area, pore-phase tortuosity, and mean pore size (see Table 7.4).  
Table 7.4. Electrode microstructural parameters extracted from tomography data. 
Imaging 
platform 
Pixel 
size 
(µm) 
Porosity 
(%) 
Geometric Tortuosity 
Specific 
surface 
area (µm-1) 
Average 
pore size 
(µm) 
Micro-CT 0.670 42.52 
x y z 
0.411 2.71 
1.09 1.05 1.26 
Nano-CT 0.130 42.95 
x y z 
0.861 2.01 
1.14 1.17 1.32 
 
Porosity and volume-specific surface area were calculated in Avizo; specific 
surface calculations were based on the marching cubes algorithm [190] with surface 
mesh smoothing and refinement. Mean pore size was calculated in ImageJ software 
using the continuous pore size distribution method [201]. Tortuosity was calculated 
geometrically with the aid of the fast marching algorithm [195] implemented in 
MATLAB. 
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Figure 7.13. Pore size distribution extracted from the nano X-ray CT and micro X-ray CT image 
datasets. 
The results show similar porosity, directional pore-phase tortuosity, and mean 
pore size values between the micron- and nano-scale datasets. The pores size 
distributions extracted from the nano-CT and micro-CT datasets (Figure 7.13) are in 
good agreement, which is a good validation of the similar porosity values obtained for 
both datasets. However, volume-specific surface area from the nano-scale scan was 
more than double that obtained from the micron-scale measurements. This is similar 
to observations made in a multi-length scale study of a lithium-manganese-oxide 
battery cathode material [24], reiterating the need for more stringent imaging 
resolution requirements for surface area measurement studies, which are sensitive to 
microscopic variations in surface roughness and cracks.  
7.3.3 Conclusion 
X-ray tomographic imaging enables non-invasive characterisation of the 
complex microstructures within lithium-ion battery electrodes. For low atomic number 
electrode materials, image segmentation of phase-contrast X-ray images may prove 
difficult due to insufficient attenuation contrast, which is usually present in absorption-
contrast images. Here, for the first time, nano-scale X-ray absorption contrast and 
phase-contrast X-ray image data of a graphite electrode material for lithium-ion 
batteries are combined, allowing detailed complementary image information to be 
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gathered which enables straightforward image analysis that so far was extremely 
difficult to do. Using contrast enhancement and vertical tomography stitching 
algorithms, it was possible to generate 3D nano-scale reconstructions of a graphite 
electrode with an enhanced image with improved contrast and boundary edge 
information. 
Multi-scale investigations of the electrode material were also performed using 
laboratory micro- and nano-scale XRM, and results from subsequent quantitative 
analysis showed that, depending on the electrode microstructural parameter under 
investigation, there is a variation in the imaging resolution and representative volume 
element requirements.    
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Chapter 8 
8 Summary, Conclusions and Future Work 
8.1 Summary and Conclusions 
Understanding the influence of the electrode microstructure in lithium-ion 
batteries (LIBs) on their electrochemical performance is crucial, particularly towards 
the development of high capacity electrode materials (e.g. silicon, lithium) to meet 
more energy-demanding, large-scale applications such in electric vehicles and grid 
storage systems. By applying X-ray tomographic imaging techniques, this work 
presents both qualitative and quantitative investigations on the three-dimensional 
microstructure within various LIB electrode materials at multiple length and time 
scales.   
8.1.1 Stereological versus direct 3D microstructural quantification  
In the first phase of the research project, the suitability and reliability of direct 
3D microstructural analysis for quantifying LIB electrodes was demonstrated by 
comparing it with stereological prediction methods. For this comparison, real 
microstructural data was obtained for three different commercial LIB electrodes using 
synchrotron X-ray tomographic imaging, and key electrode structural parameters, 
namely porosity, specific surface area, tortuosity and pore size, were extracted. 
Although stereological prediction of these parameters with 2D image sections 
introduces bias when applied to inhomogeneous 3D microstructures such as those 
examined, they could provide reasonable initial estimates for porosity values. 
However, direct 3D analysis is more suited for accurately quantifying parameters, such 
as tortuosity, which rely on the interconnectivity of phase networks in three-
dimensions.      
8.1.2 In-situ and operando 3D X-ray imaging of evolution within Si and Li electrodes 
The next phase of the research project focused on using X-ray tomography to 
visualize and quantify microstructural and morphological evolution that occurs within 
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high capacity electrode materials, in particular Si and Li, as a result of battery 
operation.  
The morphological evolution occurring at the surface of metallic Li electrodes 
was also investigated in-operando and in-situ using synchrotron and laboratory based 
X-ray sources, respectively. Operando synchrotron X-ray CT enabled the real-time 3D 
visualization of pit growth at the Li metal surface due to Li dissolution upon 
electrochemical stripping, and time-resolved in-situ laboratory X-ray CT imaging was 
used to track the growth of electrodeposited, moss-like lithium at the Li electrode 
surface. Although the high flux of the synchrotron pink beam provided sufficient 
resolution and contrast that enabled identification and tracking of surface morphology 
changes within the low attenuating Li metal, beam exposure to the sample led to 
performance degradation. Thus, the X-ray radiation dose to the cell samples must be 
carefully considered to prevent material degradation and cell performance losses in 
future X-ray experiments. 
During the early stages of lithiation, laboratory X-ray micro-CT, coupled with 
DVC, enabled the visualization and quantification of volume changes, as well as 3D 
volume strain within bulk electrodes. Synchrotron X-ray micro-CT enabled real-time 
visualization of lithiation-induced phase transformation as well as fracture formation 
and propagation in individual silicon microparticles. The synchrotron X-ray CT results 
from this study highlight the severe nature of fracturing of crystalline Si microparticles 
during the first lithiation, which often leads to commonly observed irreversible 
capacity loss in Si electrodes after the first charge-discharge cycle. Although this 
fracturing in Si microparticles remains unavoidable, strategies to stabilize their 
performance and maintain their electrical conductivity are being developed, such as, 
for example, graphene encapsulation [301]. This study not only demonstrates that the 
dynamic morphological transformations that occur during the degradation and failure 
of Si microparticles can be non-invasively studied in real time using synchrotron X-ray 
imaging, but that the technique is useful in providing valuable information and insight 
to aid efficient design of micron-sized silicon particles for electrodes in next generation 
batteries. 
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8.1.3 X-ray nanotomographic characterisation of cycled Si electrodes 
Cycling-induced microstructural degradation of a Si-based electrode was also 
examined using ex-situ X-ray nanotomography, in combination with SEM imaging. X-
ray nanotomography enabled 3D visualization and quantification of the phase 
transformation occurring within the Si electrode with increasing cycle number. 
Electrode performance loss with repeated cycling was seen to be associated with loss 
of active Si. These results further highlight the capability of X-ray tomography to 
investigate the role of electrode microstructure in battery degradation and failure. 
8.1.4 X-ray contrast enhancement for low-density electrode materials 
A 3D X-ray image contrast enhancement approach for obtaining improved 
nano-scale image contrast on a laboratory X-ray microscope was demonstrated by 
combining information obtained from both absorption–contrast and Zernike phase-
contrast X-ray CT images. The imaging approach also facilitated the first multi-length 
scale microstructural investigation of a weakly (X-ray) absorbing graphite electrode 
reported in the literature. This technique will significantly improve our understanding 
of the nano-scale structure of graphite electrodes for LIBs, and it is predicted to find 
widespread application in a diverse range of low-atomic number materials, which are 
characteristically challenging to image by absorption contrast alone. 
8.2 Suggestions for Future Work 
X-ray CT has been proven to be a powerful, non-invasive diagnostic tool for 
observing the evolution of LIB microstructures in-situ and in-operando, and the recent 
rapid proliferation of 3D X-ray CT techniques on both synchrotron and laboratory 
sources has greatly improved spatial and temporal imaging resolution that is 
achievable. In this work, X-ray CT has mostly been applied to conduct microstructural 
evolution investigations at the micrometre scale. However, this can effectively be 
extended to the nanometre scale with X-ray nanotomography to provide higher 
spatially and temporally–resolved 3D image information for a wide array of LIB 
investigations. Such dynamic investigations at this length scale can be challenging as 
they would require an appropriate X-ray transparent, in-situ electrochemical cell 
design that is well suited to the X-ray nanotomography system hardware being used. 
Efforts are currently being made at the Electrochemical Innovation Lab in UCL to 
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develop a new in-situ cell design suited for sub-micron and nano-scale studies. The 
proposed cell design, shown in Figure 8.1, is made from a cylindrical PEEK 
(polyetheretherketone) housing with an internal diameter of 800 µm, and stainless 
steel current collectors of the same diameter. The X-ray transparency and chemical 
durability of PEEK make it suitable for use in such electrochemical investigations, 
especially with different battery materials.      
 
Figure 8.1. Proposed in-situ electrochemical cell design for nano-scale X-ray CT studies. 
Reproduced with permission from [302]. 
This promising miniature cell design will be applied in further electrode 
microstructural evolution studies using both laboratory and synchrotron sources. 
Graphite electrode particles have been reported to suffer volume changes of 
up to 10% as a result of lithiation [11]. However, using convention absorption-contrast 
imaging, it is challenging to obtain sufficiently high contrast micro-CT images of such a 
low attenuating material that track this degree of volume expansion at the particle 
level. With in-situ nano-CT imaging capabilities, this can be tackled by applying the X-
ray image contrast enhancement technique presented in Section 7.3, and could 
potentially enable more detailed qualitative and quantitative insights on graphite 
electrode 3D microstructure to be acquired.         
As reported in the literature and also shown in Section 7.2, bulk Si electrodes 
fabricated from micron-sized Si particles show huge irreversible capacity loss as well as 
poor capacity retention. The use of nanostructured Si composite electrode materials, 
such as in Figure 8.2, has led to moderate success with reversible capacity retention 
and structural stability. It will be of interest to visualise how the 3D microstructure of 
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such nanocomposites evolves in relation to their relatively improved performance 
using in-situ and in-operando X-ray imaging techniques. This could also provide further 
insight on the critical diameter of Si nanoparticles above with fracturing occurs. 
 
Figure 8.2. (a) X-ray tomogram cross-section of a pristine nanostructured Si-composite 
electrode. (c) 3D rendering of the Si nanoparticles.  
In Chapter 5, the 3D morphological evolution of electrodeposited moss-like 
lithium structures was captured using X-ray micro-CT imaging. However, the nucleation 
and growth of dendritic lithium, which typically have feature sizes that begin in the 
nanometre range, has only been studied using 2D imaging techniques [243,303]. With 
the aid of high resolution phase-contrast 3D X-ray imaging techniques, it would be 
interesting to study the dynamic evolution of Li dendrite growth during battery 
operation, particularly to examine the influence of varying battery operating 
conditions (such as charging current density, electrolyte formulations, etc.) on the 3D 
morphology of dendrites at the nanometre length scale.   
 
 
 
 
 
 
 
 
Dissemination and Outputs 
 
165 
 
Dissemination and Outputs 
 
Primary peer-reviewed publications 
1. O. O. Taiwo, D. P. Finegan, D. S. Eastwood, J. L. Fife, L. D. Brown, J. A. Darr, P. D. 
Lee, D. J. L. Brett, and P. R. Shearing, “Comparison of three-dimensional 
analysis and stereological techniques for quantifying lithium-ion battery 
electrode microstructures”, Journal of Microscopy, vol. 263, no. 3, pp. 280–292, 
2016. 
2. O. O. Taiwo, D. P. Finegan, J. Gelb. C. Holzner, D. J. L. Brett, and P. R. Shearing, 
“The use of contrast enhancement techniques in X-ray imaging of lithium–ion 
battery electrodes”, Chemical Engineering Science, vol. 154, pp. 27–33, 2016. 
3. O. O. Taiwo, D.S. Eastwood, P. D. Lee, J. M. Paz-García, S. A. Hall, D. J. L. Brett, 
and P. R. Shearing, “In-Situ Examination of Microstructural Changes within a 
Lithium-Ion Battery Electrode Using Synchrotron X-ray Microtomography”, ECS 
Transactions, vol. 69, no.18, pp. 81-85, 2015. 
4. O. O. Taiwo, J. M. Paz- García, S. A. Hall, T. M. M. Heenan, D. P. Finegan, R. 
Mokso, P. Villanueva-Pérez, A. Patera, D. J. L. Brett, and P. R. Shearing, 
“Microstructural degradation of silicon electrodes during lithiation observed via 
operando X-ray tomographic imaging”, Journal of Power Sources, vol. 342, 904 
– 912, 2017. 
5. J. M. Paz- García, O. O. Taiwo, E. Tudisco, D. P. Finegan, P. R. Shearing, D. J. L. 
Brett, and S. A. Hall, “4D analysis of the microstructural evolution of Si-based 
electrodes during lithiation: Time-lapse X-ray imaging and digital volume 
correlation”, Journal of Power Sources, vol. 320, 196 – 203, 2016.  
6. O. O. Taiwo, D. P. Finegan, J. M. Paz- García, D. S. Eastwood, A. J. Bodey, C. Rau, 
S. A. Hall, D. J. L. Brett, P. D. Lee, and P. R. Shearing, “Quantification of the 
evolving microstructure of lithium metal electrodes in 3D using X-ray CT”, 
submitted, 2016. 
 
 
 
 
Dissemination and Outputs 
 
166 
 
Other peer-reviewed publications 
7. P. Trogadas,  O. O. Taiwo, B. J. Tjaden, T. P. Neville, S. Yun, J. Parrondo, V. 
Ramani, M. Coppens, D. J. L. Brett, and P. R. Shearing, “X-ray micro-tomography 
as a diagnostic tool for the electrode degradation in vanadium redox flow 
batteries”, Electrochemistry Communications, vol. 48, pp. 155 – 159, 2014. 
8. D. S. Eastwood, R. S. Bradley, F. Tariq, S. J. Cooper, O. O. Taiwo, J. Gelb, A. 
Merkle, D. J. L. Brett, N. P. Brandon, P. J. Withers, P. D. Lee, and P. R. Shearing, 
“The application of phase contrast X-ray techniques for imaging Li-ion battery 
electrodes”, Nuclear Instruments and Methods in Physics Research Section B: 
Beam Interactions with Materials and Atoms, vol. 324, pp. 118–123, 2014.  
9. D. S. Eastwood, P. M. Bayley, H. J. Chang, O. O. Taiwo, J. Vila-Comamala, D. J. L. 
Brett, C. Rau, P. J. Withers, P. R. Shearing, C. P. Grey, and P. D. Lee, “Three-
dimensional characterisation of electrodeposited lithium microstructures using 
synchrotron X-ray phase contrast imaging”, Chemical Communications, vol. 51, 
no. 2, pp. 266 – 268, 2015. 
10. D. P. Finegan, S. Cooper, B. Tjaden, O. O. Taiwo, J. Gelb, G. Hinds, D. J. L. Brett, 
and P. R. Shearing, “Characterising the structural properties of polymer 
separators for lithium-ion batteries in 3D using phase contrast X-ray 
microscopy”, Journal of Power Sources, vol. 333, pp. 184–192, 2016.  
11. J. B. Robinson, J. A. Darr, D. S. Eastwood, G. Hinds, P. D. Lee, P. R. Shearing, O. 
O. Taiwo, and D. J. L. Brett, “Non-uniform temperature distribution in Li-ion 
batteries during discharge–a combined thermal imaging, X-ray micro-
tomography and electrochemical impedance approach”, Journal of Power 
Sources, vol. 252, pp. 51–57, 2014. 
12. J. B. Robinson, L. D. Brown, R. J. Jervis, O. O. Taiwo, J. Millichamp, T. J. Mason, 
T. P. Neville, D. S. Eastwood, C. Reinhard, P. D. Lee, D. J. L. Brett, and P. R. 
Shearing, “A novel high-temperature furnace for combined in situ synchrotron 
X-ray diffraction and infrared thermal imaging to investigate the effects of 
thermal gradients upon the structure of ceramic materials”, Journal of 
Synchrotron Radiation, vol. 21, pp. 1134–1139, 2014. 
13. J. B. Robinson, L. D. Brown, R. J. Jervis, O. O. Taiwo, T. M. M. Heenan, J. 
Millichamp, T. J. Mason T. P. Neville, R. Clague, D. S. Eastwood, C. Reinhard, P. 
Dissemination and Outputs 
 
167 
 
D. Lee, D. J. L. Brett, and P. R. Shearing, “Investigating the effect of thermal 
gradients on stress in solid oxide fuel cell anodes using combined synchrotron 
radiation and thermal imaging”, Journal of Power Sources, vol. 288, pp. 473–
481. 2015. 
14. D. P. Finegan, E. Tudisco, M. Scheel, J. B. Robinson, O. O. Taiwo, D. S. Eastwood, 
P. D. Lee, M. Di Michiel, B. Bay, S. A. Hall, G. Hinds, D. J. L. Brett, and P. R. 
Shearing, “Quantifying Bulk Electrode Strain and Material Displacement within 
Lithium Batteries via High‐Speed Operando Tomography and Digital Volume 
Correlation”, Advanced Science, vol. 3. no. 3, pp. 1500332(1-11), 2015. 
15. M. T. Dunstan, S. A. Maugeri, W. Liu, M. G. Tucker, O. O. Taiwo, B. Gonzalez, P. 
K. Allan, M. W. Gaultois, P. R. Shearing, D. A. Keen, A. E. Philips, M. T. Dove, S. 
A. Scott, J. S. Dennis, and C. P. Grey, “In situ studies of materials for high 
temperature CO2 capture and storage”, Faraday Discussions, vol. 305, pp. 968–
972, 2016.  
16. Q. Meyer, S. Ashton, P. Boillat, M. Cochet, E. Engebretsen, D. P. Finegan, X. Lu, 
J. J. Bailey, N. Mansor, R. Abdulaziz, O. O. Taiwo, R. J. Jervis, S. Torija, P. 
Benson, S. Foster, P. Adcock, P. R. Shearing, and D. J. L. Brett, “Effect of gas 
diffusion layer properties on water distribution across air-cooled, open-cathode 
polymer electrolyte fuel cells: A combined ex-situ X-ray tomography and in-
operando neutron imaging study”, Electrochimica Acta, vol. 211, pp. 478–487, 
2016.  
17. O. A. Obeisun, D. P. Finegan, E. Engebretsen, J. B. Robinson, O. O. Taiwo, G. 
Hinds, P. R. Shearing, and D. J. L. Brett, “Ex-situ characterisation of water 
droplet dynamics on the surface of a fuel cell gas diffusion layer through 
wettability analysis and thermal characterisation”, International Journal of 
Hydrogen Energy, In Press, 2017. 
 
 
 
 
 
 
Dissemination and Outputs 
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Talks and Conference Participation  
10 oral and poster presentations in conferences, seminars, and workshops, including: 
1. Characterisation of 3D microstructural evolution within electrode materials 
during lithium-ion battery operation, talk, 228th ECS Meeting, October 2015, 
Phoenix, USA.  
2. Characterisation of lithium-ion battery electrodes in-situ using X-ray 
tomography, invited talk, Young Researchers Symposium, Energy Materials 
Network London, May 2015, London, UK.  
3. Observing microstructural evolution in Li-ion batteries using X-ray tomographic 
Imaging, conference poster prize in the Imaging and Coherence Division, 
Diamond Synchrotron Radiation User Meeting, September 2014, Didcot, UK. 
4. Investigation of microstructural evolution in lithium ion battery electrodes using 
three-dimensional imaging, talk, UCL Chemical Engineering PhD seminar series, 
April 2014, London, UK. 
 
Honors and Awards 
11/2013 – 11/2015 UCL BEAMS Dean’s Prize 
Research Scholarship award from the UCL Faculty of Engineering 
Sciences to support postgraduate studies. 
08/2014 – 02/2015 STFC Futures Early Career Award 
   Travel grant to support collaborative research on 4D imaging of 
   lithium ion batteries. 
06/2015 – 12/2015 STFC Futures Early Career Follow-On Award 
   Travel grant to support dissemination of collaborative research. 
05/2015  UCL Provost’s Public Engagement Award (shared) 
Research Team category award to ‘UCell’ recognising 
contribution towards public engagement in science and 
engineering. 
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[241] C.M. López, J.T. Vaughey, D.W. Dees, Morphological Transitions on Lithium 
Metal Anodes, J. Electrochem. Soc. 156 (2009) A726–A729. 
[242] L. Gireaud, S. Grugeon, S. Laruelle, B. Yrieix, J.-M. Tarascon, Lithium metal 
stripping/plating mechanisms studies: A metallurgical approach, Electrochem. 
Commun. 8 (2006) 1639–1649. 
[243] J. Steiger, D. Kramer, R. Mönig, Mechanisms of dendritic growth investigated by 
in situ light microscopy during electrodeposition and dissolution of lithium, J. 
Power Sources. 261 (2014) 112–119. 
References 
 
190 
 
[244] J.A. Tang, S. Dugar, G. Zhong, N.S. Dalal, J.P. Zheng, Y. Yang, R. Fu, Non-
destructive monitoring of charge-discharge cycles on lithium ion batteries using 
7Li stray-field imaging., Sci. Rep. 3 (2013) 2596 (1–6). 
[245] M.M. Britton, P.M. Bayley, P.C. Howlett, A.J. Davenport, M. Forsyth, In Situ, 
Real-Time Visualization of Electrochemistry Using Magnetic Resonance Imaging., 
J. Phys. Chem. Lett. 4 (2013) 3019–3023. 
[246] C. Monroe, J. Newman, Dendrite Growth in Lithium/Polymer Systems, J. 
Electrochem. Soc. 150 (2003) A1377–A1384. 
[247] J.-N. Chazalviel, Electrochemical aspects of the generation of ramified metallic 
electrodeposits, Phys. Rev. A. 42 (1990) 7355–7367. 
[248] D.R. Ely, R.E. Garcia, Heterogeneous Nucleation and Growth of Lithium 
Electrodeposits on Negative Electrodes, J. Electrochem. Soc. 160 (2013) A662–
A668. 
[249] D.S. Eastwood, P.M. Bayley, H.J. Chang, O.O. Taiwo, J. Vila-Comamala, D.J.L. 
Brett, C. Rau, P.J. Withers, P.R. Shearing, C.P. Grey, P.D. Lee, Three-dimensional 
characterization of electrodeposited lithium microstructures using synchrotron 
X-ray phase contrast imaging., Chem. Commun. . 51 (2014) 266–268. 
[250] C. Rau, C.-P. Richter, Imaging cochlear soft tissue displacement with coherent x-
rays, Phys. Scr. 90 (2015) 108006 (1–6). 
[251] M. Basham, J. Filik, M.T. Wharmby, P.C.Y. Chang, B. El Kassaby, M. Gerring, J. 
Aishima, K. Levik, B.C.A. Pulford, I. Sikharulidze, D. Sneddon, M. Webber, S.S. 
Dhesi, F. Maccherozzi, O. Svensson, S. Brockhauser, G. Náray, A.W. Ashton, Data 
Analysis WorkbeNch (DAWN), J. Synchrotron Radiat. 22 (2015) 853–858. 
[252] S. Titarenko, P.J. Withers, A. Yagola, An analytical formula for ring artefact 
suppression in X-ray tomography, Appl. Math. Lett. 23 (2010) 1489–1495. 
[253] D. Aurbach, Y. Gofer, J. Langzam, The Correlation Between Surface Chemistry, 
Surface Morphology, and Cycling Efficiency of Lithium Electrodes in a Few Polar 
Aprotic Systems, J. Electrochem. Soc. 136 (1989) 3198–3205. 
[254] E.E. Abd El Aal, Effect of Cl- anions on zinc passivity in borate solution, Corros. 
Sci. 42 (2000) 1–16. 
[255] A. Yalamanchili, Insights into the morphological changes undergone by the 
anode in the lithium sulphur battery system, Uppsala Universitet, Masters 
References 
 
191 
 
thesis, 2014. 
[256] K. Tamura, Y. Ohko, H. Kawamura, H. Yoshikawa, T. Tatsuma, A. Fujishima, J. 
Mizuki, X-ray induced photoelectrochemistry on TiO2, Electrochim. Acta. 52 
(2007) 6938–6942. 
[257] A. Schneider, C. Wieser, J. Roth, L. Helfen, Impact of synchrotron radiation on 
fuel cell operation in imaging experiments, J. Power Sources. 195 (2010) 6349–
6355. 
[258] J. Roth, J. Eller, F.N. Buchi, Effects of Synchrotron Radiation on Fuel Cell 
Materials, J. Electrochem. Soc. 159 (2012) F449–F455. 
[259] J. Eller, T. Rosén, F. Marone, M. Stampanoni, A. Wokaun, F.N. Büchi, Progress in 
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